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This thesis study is focused on the synthesis of ligand-protected metal 
nanoclusters (NCs, <2 nm in core) with precise control of all NC attributes, 
including the core size, surface ligand, structure, and composition. Several 
size-discrete Aun (n = 10-12, 15, 18, 25, and 29) NCs protected by thiolate 
ligands (-SR) were synthesized in large quantities (up to several hundred 
micrograms). Other than Au NCs in different core sizes, Au NCs protected by 
different surface ligands (e.g., thiolate and protein) were also synthesized. 
Moreover, a strongly red-emitting (em = 665 nm, QY = 8%) Au22(SR)18 NCs, 
which adopts a unique structure distinct from those with the same core size 
(e.g., Au22(SR)16 and Au22(SR)17 NCs), was identified and extensively 
analyzed with several theoretical and experimental tools. Au/Ag bimetallic 
NCs with tunable electronic structure and optical properties, were successfully 
synthesized by compositional adjustment. The well control of all these 
attributes was effected by the design of a unique reaction system, in which a 
reactive gas, carbon monoxide (CO), was utilized to furnish a mild and well-
controlled reaction environment for NC growth. This study is the first 
demonstration of utilizing a gaseous reducing agent to create a mild and 
controlled reaction environment for the growth of metal NCs. The CO-
mediated synthetic strategy that has been developed in this study is also the 
only method available to effectively control all NC attributes (core size, 
surface ligand, structure, and composition). 
Topically this thesis is divided into eight chapters. Chapter 1 surveys the 
current literature, based on which the scope of this work is defined. Major 
findings of this study are discussed in Chapters 2 through 7, with conclusions 
and suggestions for further work covered in Chapter 8. 
Chapter 2 reports a novel synthesis method using a reactive gas CO to 
create a mild and well-controllable reaction environment for NC growth. The 
unique reaction environment, which was manifested by the slow and distinct 





red-brown), was successfully applied to the scalable (up to 0.2 g) and one-pot 
synthesis of high quality Au25(SR)18 NCs.  
Chapter 3 describes the application of CO-mediated method in scalable 
and precise synthesis of thiolate-protected Au10-12, Au15, Au18 and Au25 NCs. 
The key strategy was the delicate control of reaction kinetics by varying the 
solution pH as the structure of the Au(I)-SR precursors and the redox potential 
of CO are highly sensitive to the solution pH. Notably, the large scale 
synthesis of small thiolated Au NCs (Au10-12, Au15 and Au18) largely bridges 
the missing link in direct synthesis of thiolate-protected Au NCs with less than 
20 Au atoms.  
Chapter 4 investigates the effect of solvent composition on the size of 
thiolate-protected Au NCs in the CO-mediated synthesis. A less thiol-tolerant 
Au29(SG)20 NCs was synthesized by controlling the composition of mixed 
solvent, which regulated the size and/or the structure of as-formed Au(I)-SR 
polymers and altered the reaction pathway. 
Chapter 5 describes ligand control in the CO-mediated synthesis of Au 
NCs. Two types of surface ligands (thiolate and protein in two separate parts) 
were successfully applied to synthesize Au NCs. In the first part, the chain 
lengths and functionalities of thiolate ligands were tailored while keeping the 
core size unchanged (e.g., Au25). In the second part, the conformation of one 
single protein was tailored to synthesize Au NCs with five discrete sizes (Au4, 
Au8, Au10, Au13, and Au25). 
Chapter 6 presents investigation of a strongly red-emitting (em = 665 nm, 
QY = 8%) Au22(SR)18 NCs. This ubiquitous NC has the same core size but 
different amount of thiolate ligands with previously reported Au22(SR)16 and 
Au22(SR)17 NCs. The difference in the amount of thiolate ligands renders 
Au22(SR)18 with a different structure and thus distinct optical properties. A 
core-shell structure, which consists of a prolate Au8 and two trimer (RS-[Au-
SR]3) and two tetramer (RS-[Au-SR]4) motifs, was predicted for the 





Chapter 7 describes the composition control of Au/Ag bimetallic NCs in 
the CO-mediated synthesis. By varying the relative amount of incoming Au 
and Ag ions, the composition of the bimetallic NCs was continuously 
modulated. Two types of Au/Ag bimetallic NCs (with totally eighteen or 
seven metal atoms) were synthesized by adjusting the composition of Au and 
Ag in the final products. The optical properties and electronic structures of the 
Au/Ag bimetallic NCs were also tuned corresponding to the composition 
change. 
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CHAPTER 1 INTRODUCTION 
 
1.1 Why Au NCs? 
The gold nanoclusters (Au NCs) we are interested in this thesis refers to a 
special type of ultrasmall Au NPs. They are typically <2 nm, or with 
equivalently several to ~150 Au atoms (Jin 2010, Zhang et al. 2010, Lu and 
Chen 2012). It should be mentioned that a few researchers also use the term of 
nanoclusters to represent the assembly of metal nanoparticles (~tens of nm in 
diameter) (Wang et al. 2010, Yan et al. 2011), which is however not covered 
in this thesis. I will reserve the term nanoclusters exclusively for the ultrasmall 
particles <2 nm throughout this thesis.  
Why we are interested in Au NCs? In recent years, Au NCs have emerged 
as a new direction of nanoparticle research owing to their peculiar significance 
in bridging the research gap between single Au atoms and large Au crystals 
(Figure 1.1). Large Au nanocrystals, which are also historically referred as Au 
colloids, have been relatively well understood with over more than 150 years 
of development (since Faraday’s study of ruby-red Au colloids (Faraday 
1857)). Au nanocrystals (colloids) are typically in the size range of 2  100 
nm. They adopt a fcc structure and possess quasi-continuous electronic states. 
Their colors are the result of the collective excitation mode of their conduction 
electrons (surface Plasmon resonance, or SPR), which are determined by their 
size, shape, and the surrounding medium (Daniel and Astruc 2003, Burda et al. 
2005, Eustis and El-Sayed 2006, Roduner 2006, Zheng et al. 2006, Yang et al. 
2009, Qian et al. 2012). When the size of Au particles decreases and 
approaches to the Fermi wavelength of an electron (~1 nm for Au), the strong 
quantum confinement effect induces the quantization of their electronic states, 
which results in unique, molecular-like properties of Au NCs, such as HOMO-
LUMO transitions (Li et al. 2008, Walter et al. 2008, Zhu et al. 2008), 
quantized charging (Chen et al. 1998, Murray 2008), and strong luminescence 





of Au NCs can greatly boosts our understanding of how single Au atoms 
evolve into large Au crystals, how the geometric structure of Au particles 
transforms from non-fcc (for Au NCs) to fcc (for Au nanocrystals), how the 
electronic structure of Au particles changes from discrete (for Au NCs) to 
quasi-continuous (for Au nanocrystals), and how the optical properties of Au 
properties varies from molecular-like (for Au NCs) to plasmonic (for Au 
nanocrystals). 
0.1 1 10 100 nm
 <2 nm
 <150 atoms
 Discrete electronic states






 Continuous electronic states
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Figure 1.1 Size scale of nanoclusters and nanocrystals. 
 
Besides of fundamental importance, Au NCs also have found a few 
practical applications due to their unique electronic structures and molecular-
like properties. Au NCs are more like semiconductors and can have a sizable 
band gap (e.g., ~1.3 eV for thiolate-protected Au25 NCs (Negishi et al. 2005)). 
They have been widely used as catalysts in several important reactions, such 
as low temperature oxidation of CO (Herzing et al. 2008, Lopez-Acevedo et al. 
2010, Ma et al. 2012, Nie et al. 2012, Nie et al. 2013), selective oxidation of 
styrene (Liu et al. 2010, Zhu et al. 2010, Zhu et al. 2010), selective oxidation 
of alcohols (Xie et al. 2012), hydrogenation (Zhu et al. 2010, Yamamoto et al. 
2012), and photocatalysis (Lee et al. 2011, Chen et al. 2013, Kogo et al. 2013, 
Negishi et al. 2013), etc. The strong luminescence is another attractive 
property of Au NCs for application exploration. Due to their ultrasmall size 
(<2 nm), strong luminescence, fairly good photostability, and biocompatibility, 
luminescent Au NCs are ideal optical probes in biological systems (Shang, 
Dong et al. 2011, Yuan et al. 2013). Applications include detection of metal 
ions (Xie et al. 2010, Liu et al. 2011, Shang et al. 2012), small and 





and in vitro or in vivo imaging of a variety of cells (Shang et al. 2011, Shang 
et al. 2011, Yu, Zhou et al. 2011, Zhang et al. 2012).  
 
1.2 Why Au NCs with Atomic Precision? 
Au NCs are usually stabilized by a certain type of organic ligand (e.g., 
phosphines (Pettibone and Hudgens 2011, Wan et al. 2012), thiolates 
(Jadzinsky et al. 2007, Parker et al. 2010), dendrimers (Zheng et al. 2003, 
Zheng et al. 2004), proteins (Xie, Zheng et al. 2009, Chaudhari et al. 2011, 
Baksi et al. 2013), or DNA (Kennedy et al. 2012)), to minimize their surface 
energy and prevent from aggregation to large particles. Therefore, ligand-
protected Au NCs can be viewed to adopt a generalized core-shell structure, 
which consists of a Au core and an organic ligand (Yuan, Luo et al. 2013). In 
this way, ligand-protected Au NCs can also be represented as AunLm, where 
Au is gold, L is the ligand, n and m are specific numbers. It is important to 
specify the type of ligand used, as different ligands can impart different 
protecting chemistry to the Au NCs. For example, the phosphine ligands are 
terminal ligands with charge neutral phosphorus atoms while the thiol ligands 
are electron-withdrawing and bridging ligands between neighboring Au 
centers with the sulfur atoms in the thiol ligands. In this PhD study, thiolate 
(SR) protected Au NCs were selected as the model cluster system because of 
their excellent stability (as a result of the strong Au-S interaction) and the 
viability to determine their formulae with atomic precision (with mass 
spectrometry). 
Due to the strong quantum confinement exerted on the very few atoms in 
one NC, the physical and chemical properties of Au NCs are highly sensitive 
to the cluster size. In other words, it is very important to specify the number of 
Au atoms and the thiolate ligands in one single cluster, as even minimal 
variations in the number of Au atoms and thiolate ligands in a NC (e.g., one 
metal atom or ligand number difference) can lead to totally different physical 
and chemical properties of the NCs, reflecting that the properties of the NCs 





of varied sizes, such as Au10-12, Au15, Au18, Au22, Au25, Au29, Au33 and Au39, 
exhibit different colors in solutions (Figure 1.2a) (Negishi, Nobusada et al. 
2005). Accordingly, their optical absorption spectra show different peaks in 
the UV-vis-NIR region (Figure 1.2b). Besides optical properties, recent studies 
also suggest that the catalytic activities of Au NCs are dictated by the cluster 












Figure 1.2 (a) Digital photos and (b) the corresponding UV-vis spectra of 
PAGE separated Au NCs with varied sizes in solutions. Adapted with 
permission from (Negishi, Nobusada et al. 2005). Copyright (2005) American 
Chemical Society. 
 
1.3 How to Produce Monodisperse Thiolate-Protected Au NCs?  
As the physical and chemical properties of thiolate-protected Au NCs are 
highly size-dependent, it is the key focus to control its size in recent NC 
development. The accessibility of the size-discrete Au NCs is the first pivotal 
step to establishing a reliable size-properties correlation and exploring their 
size-dependent applications.  
The pioneering work of Brust and Schiffrin well depict how thiolate-
protected Au NCs can be synthesized (Brust et al. 1994). In a typical Brust-
Schiffrin synthesis, a Au(III) salt (e.g., HAuCl4) in aqueous solution is first 
transferred to organic phase by a phase-transfer agent such as 
tetraoctylammonium bromide (TOAB), followed by the reduction of Au(III) to 
Au(I) by a hydrophobic thiolate ligand (e.g., dodecanethiol or DDT). The 
thiolate ligands will then interact strongly with Au(I) to form strong Au(I)-S 





formed polymeric Au(I)-SR complexes then undergoes reductive 
decomposition process in the presence of a strong reducing agent (e.g., 
NaBH4), leading to the formation of small thiolate-protected Au NPs with core 
sizes of 2 – 2.5 nm. By selecting a polar solvent (e.g., methanol), the Brust-
Schiffrin method can also synthesize Au NPs in a one-phase system with no 
need of phase transfer agents (Brust et al. 1995).  
The Brust-Schiffrin method describes the general approach for the 
production of thiolate-protected Au NPs, which essentially involves two key 
reactions:  
(I) Reduction of Au(III) to form Au(I)-SR complexes:  
Au(III) + H-SR  Au(I)-SR complexes (eqn. 1.1) 
(II) Reductive decomposition of Au(I)-SR complexes to form Au NCs:  
Au(I)-SR complexes + n e
-
  Aun(SR)m (eqn. 1.2) 
Later efforts made by the Whetten group and Murray group further 
narrowed down the size distribution of the thiolate-protected Au NPs to 1.1 
~1.9 nm by applying a higher R[H-SR]/[Au] (Whetten et al. 1996, Schaaff et al. 
1997, Hostetler et al. 1998). However, these are still not monodisperse Au 
NCs, a further step of size selection process is needed. Base on the driving 
force of the selection process, two most prevailing selecting strategies, i.e., 
physical and chemical (size focusing) could be used to obtain truly 
monodisperse thiolate-protected Au NCs.  
1.3.1 Physical SeparationA physical selecting technique refers to a variety of 
isolation methods amendable to obtain Au NCs with a specific size (with 
atomic precision). Commonly isolation methods used in NC research includes 
solubility-based fractionation (Alvarez et al. 1997, Schaaff, Shafigullin et al. 1997, 
Chaki et al. 2008, Levi-Kalisman et al. 2011), liquid chromatography (Tsunoyama 
et al. 2006, Knoppe et al. 2011, Qian and Jin 2011), and electrophoresis 
(Schaaff et al. 1998, Schaaff and Whetten 2000, Negishi et al. 2004, Negishi, 
Nobusada et al. 2005, Negishi et al. 2006). Although they differ in working 





good resolution. For example, the native polyacrylamide electrophoresis 
(PAGE) have been widely used to isolate water soluble NCs. The working 
principle of PAGE is the application of external electric filed to force the 
analytes to pass through a high-density polymer matrix. Owing to their 
different mass-to-charge ratios, thiolate-protected Au NCs in varied sizes can 
be isolated. By using physical methods, Au NCs with n = 10, 15, 18, 22, 25, 
29, 38 (Negishi, Nobusada et al. 2005), 40 (Qian et al. 2010, Knoppe, Boudon 
et al. 2011), 55 (Tsunoyama, Negishi et al. 2006, Kuang et al. 2011), 68 (Dass 
2009), 102 (Levi-Kalisman, Jadzinsky et al. 2011), 130 (Negishi et al. 2012), 
144 (Schaaff, Shafigullin et al. 1997, Chaki, Negishi et al. 2008), and 187 
(Negishi, Sakamoto et al. 2012) have been successfully obtained. However, 
the practical applications of the physical separation methods are constrained 
by the special requirement of delicate apparatuses, the tedious separation 
processes involved and the small production scale (often in several to tens of 
micrograms, and it is also difficult to scale up). 
1.3.2 Chemical Selection  Size-Focusing 
Besides the physical separation of the polydisperse Aun(SR)m NCs, 
monodisperse Aun(SR)m NCs can also be obtained through a chemical 
selection process. The chemical selection process, which is popularly known 
as size-focusing, is based on the stability difference between different sizes to 
withstand the harsh reaction environment, such as thiol etching (Figure 1.3) 
(Jin et al. 2010). Compared to the physical separation methods, a size focusing 
process has several attractive features such as direct synthesis and scalable 
production.  
1.3.2.1 Basic Principles for Size-Focusing 
In a typical thiol etching process, a mixture of different-sized Au NCs 
undergoes size evolution (most likely core reduction), which is assisted by the 
strong Au-SR interaction in the presence of excess thiolate ligands. Since 
different-sized NCs have different stability in the reaction solution, after the 
thiol etching, only the most stable NC species can be retained in the reaction 





process, and has been widely used to synthesize monodisperse Au NCs (Jin, 
Qian et al. 2010).  
 
Figure 1.3 Schematic illustration of the size-focusing of Au NCs in the 
presence of excess thiolate ligands. 
 
The basis of size-focusing for the synthesis of monodisperse Au NCs is the 
size-dependent stability of Au NCs. A number of experimental results 
revealed that Au NCs with some specific sizes, such as Au25(SR)18, 
Au38(SR)24, and Au144(SR)60, are more stable in solution against thiol etching 
than Au NCs with other sizes (Tsunoyama et al. 2007, Akola et al. 2008, Jiang 
et al. 2008, Qian et al. 2009, Qian et al. 2009, Qian and Jin 2011, Kumar and 
Jin 2012, Tofanelli and Ackerson 2012). For example, Au25(SR)18 NCs is one 
of the most stable NC species among a series of discrete-sized Au NCs. It was 
first identified as the most predominant species among a series of Aun(SG)m 
NCs isolated by PAGE (Schaaff, Knight et al. 1998, Schaaff and Whetten 
2000). Low-resolution mass spectrometric analysis based on MALDI-TOF 
and ESI-MS suggested that this NC species had a molecular weight of ~10.4 
kDa (Schaaff, Knight et al. 1998). Subsequent studies using PAGE and ESI-
MS determined its formula as Au25(SG)18 along with several other Au NC 
species [Aun(SG)m, n = 10-39] in a seminal work of Tsukuda group (Negishi, 
Nobusada et al. 2005). In a follow-up study, the stability of these Aun(SG)m 
NCs were evaluated in the presence of excess GSH at an elevated temperature 
(328 K) (Shichibu et al. 2007). The UV-vis spectra of these Au NCs before 
and after the thiol etching were compared, and it was found that Au25(SG)18 
was the most stable Au NC species in solution. In contrast, Au NCs with core 





core sizes smaller than Au25 were decomposed to Au(I)-SR complexes (Figure 
1.4a). 
 
Figure 1.4 (a) Digital photos of Aun(SG)m with (n, m) = (10, 10), (15, 13), (18, 
14), (22, 16), (25, 18), (29, 20), (33, 22), and (39, 24) before (0 h) and after (3 
h) the thiol etching reaction using excess GSH at 328 K. Adapted with 
permission from (Shichibu et al. 2007). Copyright (2007) Wiley-VCH. (b) 
Time course MALDI-TOF mass spectra of the reaction mixture in a one-pot 
synthesis of Au25(SR )18. Adapted with permission from (Dharmaratne et al. 
2009). Copyright (2009) American Chemical Society. 
 
The ultrastable feature of Au25(SR)18 was also suggested by monitoring the 
size evolution of Aun(SR)m (H-SR = phenylethanethiol) in a prolonged aging 
process (Dharmaratne et al. 2009). The time-course MALDI-TOF mass 
spectra clearly showed that Au25(SR)18 NCs were more stable in the presence 
of excess thiolate ligands than Au NCs with other sizes (Figure 1.4b). The Au 
NCs formed at ~5 min after the reductive decomposition of Au(I)-SR 
complexes showed a broad size distribution, including Au25, Au38, Au68, and 
Au102 species. During the aging process, the signals of Au38, Au68, and Au102 
in the mass spectra gradually diminished. A prolonged aging to 3 days led to a 
distinct signal from Au25 NCs in the mass spectrum, and other Au NCs larger 
than Au25 were converted to Au25 NCs or decomposed to Au(I)-SR complexes. 





The driving force in the size-focusing process is the stability difference 
among different-sized Au NCs. The experimental setups for the size-focusing 
are facile if the reaction conditions meet two requirements – the stability 
difference of different-sized Au NCs and the presence of excess thiolate 
ligands. Mix-sized Au NCs are precursors for the size-focusing, and these NC 
precursors can be protected either by thiolate or non-thiolate ligands. One or 
two phases could be involved in the thiol etching process.  
Thiolate-protected Au NCs with different sizes can be used as precursors 
for the thiol etching. For example, on the basis of the size-dependent stability 
of Aun(SG)m (n = 10-39) NCs against thiol etching (Shichibu, Negishi et al. 
2007), a two-step synthetic method was proposed by Muhammed et al. to 
synthesize monodisperse Au25(SG)18 NCs (Muhammed et al. 2008). The 
authors first prepared a mixture of Aun(SG)m (n = 10-39) NCs, and treated the 
mixture with excess GSH at 328 K for ~12 h. Au25(SG)18 NCs with a high 
purity was then obtained. 
Non-thiolate-protected Au NCs, typically with a specific cluster size, can 
also be used as precursors for the thiol etching to produce monodisperse 
thiolate-protected Au NCs. For example, phosphine-protected Au11 NCs were 
used to synthesize Au25(SG)18 via a thiol etching process by using GSH at 323 
K. A good purity of the as-synthesized Au25(SG)18 NCs was confirmed by 
PAGE, UV-vis spectroscopy, and ESI-MS. In addition, this method can also 
produce Au25(SG)18 NCs in a large quantity of ~70 mg (Shichibu et al. 2005). 
Recent studies also demonstrated that PVP-protected Au NCs can be used to 
synthesize Au25(SR)18 NCs in a similar thiol etching process (Shichibu, 
Negishi et al. 2007). 
1.3.2.3 Size-Focusing Synthesis of Au38 (SR)24 NCs 
Au38 NCs were first isolated by a repeated fractional crystallization. LDI-
MS suggested its core size to be ~8 kDa (Schaaff, Shafigullin et al. 1997).ESI-
MS further determined its formula as Au38(SR)24 (Chaki, Negishi et al. 2008, 
Qian, Zhu et al. 2009, Qian, Zhu et al. 2009). The thiol tolerant feature of Au38 
NCs was first observed by Schaaff et al. They performed a thiol etching 





~14 kDa using neat dodecanethiol (C12S-H) as the etchants. The size evolution 
of the Au NCs was monitored by LDI-MS and UV-vis spectroscopy. The 
authors observed that, after 40 h of thiol etching at 343 K, the 14 kDa NC 
species was finally converted to Au38, which suggests that Au38 is more stable 
than the 14 kDa NC species (Schaaff and Whetten 1999). Toikkanen et al. 
further confirmed the good stability of Au38 NCs against thiol etching by 
electrochemical and MALDI-TOF measurements of the reaction mixture 
before and after thiol etching. They found that larger Au NCs with core 
masses of 22 and 29 kDa were eliminated during the thiol etching process, 
whereas the Au38 NC species was retained in the harsh reaction condition 
(Toikkanen et al. 2008). 
1.3.2.4 Size-Focusing Synthesis of Au144 (SR)60 NCs 
Similar to Au38(SR)24, Au144(SR)60 was also first isolated by the fractional 
crystallization. Its core mass was determined to be ~29 kDa by LDI-MS 
(Schaaff, Shafigullin et al. 1997). Schaaff et al. further observed that the 
homogeneity of this 29 kDa NC species (prepared by the factional 
crystallization) can be improved by a thiol etching process at 333 K, where 
only the 29 kDa NC species was preserved and other NC species were 
eliminated (Schaaff et al. 2001). Recently, Chaki et al. applied a thiol etching 
process (353 K, >22 h) to a mixture of Au NCs with a molecular weight of 8 
and 29 kDa, and separated the product by solubility-based fractionation. The 
authors also assigned the 29 kDa NC species to Au144(SC12)59 by ESI-MS 
(Chaki, Negishi et al. 2008). More recently, Qian et al. developed a two-step 
method to synthesize the 29 kDa NC species, where a modified Brust method 
and a thiol etching process at 353 K were applied. The product was 
determined to be Au144(SC2H4Ph)60 (Qian and Jin 2009). 
1.3.2.5 The Stability Origin of Aun(SR)m NCs 
It should be mentioned that although the stability differences among 
thiolate-protected Au NCs with different sizes are widely recognized, the 
origin of their stability is still not well understood. Superatom electronic 
theory and geometric factor are well-accepted in current development. For 





stability of thiolate-protected Au NCs with some specific or magic sizes 
(Walter et al. 2008). In this theory, the valence electrons of the NCs are 
counted, and those NCs with a total electron count representing a shell-closure 
of the superatom orbitals (e.g., 1S, 1P, 1D…, corresponding to a total electron 
count of 2, 8, 18, 34, 58…) are considered to be stable (Walter, Akola et al. 
2008, Aikens 2010, Dass 2012). The superatom electronic theory has been 
used to explain the good stability of [Au25(SR)18]
 
(total electron count of 8) 
(Akola, Walter et al. 2008) and [Au102(SR)44]
0
 (total electron count of 58) 
(Jadzinsky, Calero et al. 2007, Levi-Kalisman, Jadzinsky et al. 2011). 
However, this theory may not be able to predict stable Au NCs with other non-
shell-closure electron counts, such as [Au38(SR)24]
0
 (total electron count of 14) 
and [Au144(SR)60]
0
 (total electron count of 84). 
Besides the electronic factor, the geometric factor may also affect the 
stability of thiolate-protected Au NCs, where the NC stability is originated 
from their highly symmetric atomic packing structures. For example, Negishi 
et al. compared the stability of [Au25(SR)18]
x
 (x is the overall charge of the 
cluster) carrying different charges of +1, 0 and 1 (Negishi et al. 2007). They 
found that all [Au25(SR)18]
x
 species were stable in solution regardless of their 
cluster charge. This observation suggests that the geometric factor could be 
more significant for the good stability of [Au25(SR)18]
x
 NCs compared to the 
electronic factor. 
Compared to physical selection methods, size-focusing is effective in 
synthesizing monodisperse thiolate-protected Au NCs. It eliminates the non-
trivial post-synthetic steps and can achieve a large scale production of truly 
monodisperse thiolate-protected Au NCs, which has greatly promoted the 
basic researches (e.g., the total structure determination of Au NCs) and 
practical applications of thiolate-protected Au NCs. The size-focusing strategy 
is a universal strategy and is applicable for the synthesis of other noble metal 
NCs (e.g., Ag) (Negishi et al. 2011, Muhammed et al. 2012). It is also a robust 
method in which even relatively large NPs can be used as precursors (Habeeb 
Muhammed et al. 2008, Qian et al. 2009). On the other hand, as only several 





thiol-tolerant, some metastable species might not be obtained using the size-
focusing method. More effective synthetic chemistries are needed to set up a 
full size spectrum. In addition, the thiol-etching process is complicated and 
may not be understood solely by size-focusing. Other chemistries, such as the 
thiol-induced structure transformation, could also be important routes for the 
synthesis of monodisperse thiolate-protected Au NCs. Therefore, all 
aforementioned concerns drive us to revisit the formation process of thiolate-
protected Au NCs from a different angle.  
 
1.4 An Engineering View of the Synthesis of Thiolate-
Protected Au NCs and its Engineerable Modules 
As introduced in Section 1.3, there are mainly two popular strategies for 
the synthesis of monodisperse thiolate-protected Au NCs: physical and 
chemical selection of desirable size from polydisperse Aun(SR)m NCs, which 
are the product of reductive decomposition of polymeric Au(I)-SR complexes 
in a Brust-Schiffrin method. From the synthetic point of view (and to 
eliminate the non-trivial post-synthetic steps), there are essentially two 
different approaches to synthesize thiolate-protected Au NCs: reductive 
decomposition of Au(I)-SR complexes and size-focusing of polydisperse 
Aun(SR)m NCs. In some other cases, even monodisperse Au NCs (non-thiolate 
or thiolate-protected) can be used to produce monodisperse thiolate-protected 
Au NCs, provided with assistance of thiols. It may be governed by a different 
chemistry from and beyond the scope of a size-focusing process (e.g., 
structure reorganizations). 
Although these approaches differ in their underlined chemistry, they share 
some similarities from the engineering point of view: the Au(I)-SR complexes, 
the polydisperse Aun(SR)m NCs or monodisperse Au NCs can all be viewed as 
precursors (input), the chemical reduction, thiol-assisted etching or 
transformation process are variations of processing (Figure 1.5). Therefore, the 





process where the two important modules (input and processing) can be 
rationally tailored to deliver the output of monodisperse products.  
In this section, we will conduct a more detailed survey of existing 
methodologies  for the production of monodisperse Au NCs according to the 
above criteria that the desired outcome (production of thiolate-protected Au 
NCs) is achievable by rational control over the precursor (Au(I)-SR complexes, 
and Au NC precursors) and the processing (chemical reduction or thiol-
assisted etching and transformation). Specifically, these tailorable modules 
include the size and structure of the Au(I)-SR complexes, the reductive 
decomposition kinetics of the Au(I)-SR complexes, the thiol-etching process 
in a size-focusing process, and the thiolate effect in the thiol induced 
transformation of NC precursors. 
 
Figure 1.5 Schematic illustration of the unified synthetic approach for the 
synthesis of monodisperse thiolate-protected Au NCs. Adapted from (Yu, Yao 
et al. 2013) with permission from The Royal Society of Chemistry. 
 
1.4.1 Tailoring the Size and Structure of the Au(I)-SR Complexes 
Au(I)-SR complexes are ubiquitous precursors for the synthesis of 
thiolate-protected Au NCs. They are usually polymeric in form of RS-[Au(I)-
SR]n, which are resulted from the bridging effect of the thiolate ligands with 
the Au(I) centers. As introduced in Section 1.3, a reductive decomposition 
process is generally used to convert Au(I)-SR complexes to thiolate-protected 
Au NCs. Although the detailed mechanism of Brust-Schiffrin method is still 
not well understood, it is intuitive and helpful to explain the formation of 
thiolate-protected Au NCs with a “grow and passivate” scheme (Negishi, 
Takasugi et al. 2006). As the Au(I)-SR complexes is reduced by a reducing 





to minimize their high surface energy, and meanwhile the thiolates from the 
decomposition of Au(I)-SR complexes simultaneously attach to the surface of 
Au(0) atoms to prevent their further aggregations (passivate). The local 
concentration of Au(0) atoms (the nuclei), the length and/or the conformation 
of the thiolates, and the contact mode how thiolates attach to Au(0) atoms are 
all pertinent to the size of final clusters. Any disturbance affect the 
homogeneity of the aforementioned parameters can expect the increase in 
polydispersity.  
It can be deduced from the “grow and passivate” scheme that the size and 
the structure of Au(I)-SR complexes are crucial for the reductive 
decomposition process and may be varied to tailor the size of Au NCs. In 
general, a uniform size and structure of Au(I)-SR complexes, and a mild and 
controlled reduction kinetics are crucial for the direct synthesis of 
monodisperse Au NCs. This principle is particularly important for the 
synthesis of Au NCs with metastable sizes, which are generally produced via a 
kinetic trapping method. 
1.4.1.1 Tailoring the Size of the Au(I)-SR Complexes 
Au(I)-SR complexes are typically prepared by mixing a Au(III) salt (e.g., 
HAuCl4) with thiolate ligands, as illustrated in Section 1.3. The size of the 
Au(I)-SR complexes could be manipulated with kinetic control measures 
during their formation. A slow reduction to convert Au(III) to Au(I) is 
generally preferred for the formation of homogeneous Au(I)-SR complexes 
with a narrow size distribution. For example, Zhu et al. developed an efficient 
way to control the size of Au(I)-SR complexes by manipulating the kinetics of 
their formation, where a particular aggregation state (or size) of the polymeric 
Au(I)-SR complexes was achieved by carefully controlling the reaction 
temperature (0 
o
C) and the extent of stirring (slow, ~30 rpm) (Figure 1.6a) 
(Zhu et al. 2008). The as-formed polymeric Au(I)-SR complexes had a narrow 
size distribution of 100–400 nm (Figure 1.6b, top panel), which, upon the 
reductive decomposition, led to the formation of Au25 NCs at a good yield. 
The as-synthesized Au25 NCs showed a well-defined UV-vis absorption 





panel). By comparison, the Au(I)-SR complexes prepared at room temperature 
showed a broad size distribution (e.g., <2 nm, 100–400 nm, and >1 μm, Figure 
1.6b, bottom panel), and upon the reductive decomposition, they were 
converted to polydisperse Au NCs. These Au NCs showed a featureless UV-








Figure 1.6 (a) Schematic illustration of the synthesis of Au25(SR)18 NCs via 
kinetically controlling the size of Au(I)-SR complexes. (b) Dynamic light 
scattering (DLS) spectra of Au(I)-SR complexes formed at 273 K (top) and 
room temperature (bottom); and (c) The corresponding UV-vis absorption 
spectra of the Au NCs synthesized by the NaBH4 reduction of the Au(I)-SR 
complexes. Reproduced with permission from (Zhu et al. 2008). Copyright 
(2008) American Chemical Society. 
 
Besides the reaction temperature and stirring speed, the solvent is also a 
crucial factor to determine the size of the Au(I)-SR complexes. Liu et al. 
investigated the effect of different solvents on the size of final NC in a one-
phase Brust-like method (Figure 1.7a) (Liu et al. 2013). By applying THF, 
acetone or ethyl acetate as the reaction medium, the resultant Au(I)-SR 
complexes was small in size and their subsequent reduction led to preferential 
formation of Au25; while methanol or acetonitrile instead, the resultant Au(I)-
SR complexes were large and discernible by naked eyes, and subsequent 
reduction of these complexes produced mainly large sized Au144 (Figure 1.7b). 





these different solvents affect the size of the Au(I)-SR complexes and how the 






Figure 1.7 (a) Schematic illustration of the effect of different solvents on 
cluster size of the product. (b) EM images and photographs (insets) of Au(I) 
complexes in A) THF and B) methanol. Adapted from (Liu et al. 2013) with 
permission from The Royal Society of Chemistry. 
 
1.4.1.2 Tailoring the Structure of the Au(I)-SR Complexes 
The structure of Au(I)-SR complexes is also pivotal to synthesizing 
monodisperse Au NCs. Thiolate ligands could affect the properties of Au(I)-
SR complexes. Steric hindrance and charge state of the thiolate ligands are 
two major factors that can affect the structure of Au(I)-SR complexes. For 
example, the structure of Au(I)-SR complexes could be modified by the steric 
hindrance provided by an extraneous surfactant such as 
cetyltrimethylammonium bromide (CTAB). Recently, Yuan et al. developed a 
new protection-deprotection method to synthesize Au25SR18 NCs [H-SR = 
cysteine (Cys) or 3-mercaptopropionic acid (MPA)] (Yuan et al. 2012). In this 
study, a CTAB protecting shell was first grafted on the preformed Au(I)-SR 




 ion pairs between the COO
-
 
anions in the complexes (each protecting ligand, Cys, has one carboxylic 
group) and CTA
+
 cations in CTAB (Figure 1.8). The CTAB-protected Au(I)-





a unique microenvironment for further reductive decomposition of the 
complexes. The additional steric effect of the CTAB protecting layer can 
significantly increase the liability of the encapsulated Au(I)-SR complexes 
against the reductive decomposition, leading to a fast synthesis (<10 min) of 
atomically precise Au25(SR)18 NCs. In addition, the CTAB protecting layer 





 ion pairs. The resultant surfactant free Au25(SR)18 could 
then be transferred back to aqueous phase. 
 
Figure 1.8 Schematic illustration of the synthesis of monodisperse Au25 NCs 
by modifying the structure of the Au(I)-SR complexes with a CTAB 
protecting layer. Adapted with permission from (Yuan et al. 2012). Copyright 
(2012) American Chemical Society. 
 
1.4.2 Tailoring the Reductive Decomposition Kinetics of the Au(I)-SR 
Complexes 
As depicted in Section 1.4.1, the growth of the Au(0) core and the 
passivation of the surface thiolates are two kinetically competing events. The 
growth of the Au(0) core will be terminated when a full passivation is 
achieved. Therefore, the balance between NC growth and thiolate passivation 
is important to control the size distribution of the final product. In the Brust-
like methods, a strong reducing agent NaBH4 was commonly used in the 
reductive decomposition process for the synthesis of thiolate-protected Au 
NCs. The strong reducing power of NaBH4 and the fast reduction kinetics 
therein often lead to the formation of Au NCs with a broad size distribution 
because the newly-formed Au NCs have insufficient time for ripening or size-





through decreasing the reducing power of the reducing agents, which could 
not only benefit the subsequent size-focusing of the newly-formed NCs but 
also facilitate the kinetic trapping of NCs with metastable sizes.  
1.4.2.1 Using a Lower Concentration of Strong Reducing Agents 
A common practice to achieve a lowered reducing capability of the strong 
reducing agent is to decrease its concentration. For example, Zhu et al. 
achieved a slow reduction of Au(I)-SR complexes by reducing the amount of 
NaBH4 to 1 equivalent (relative to Au) (Zhu et al. 2010). This value was 10 in 
the common Brust-like methods. The mild reduction kinetics in a low 
concentration of NaBH4 led to the formation of atomically precise Au24(SR)20 
NCs. This is in stark contrast to the use of a larger amount of NaBH4 (10 
equivalent relative to Au), where a thermodynamically stable Au25(SR)18 was 
formed. With a slight modification of the preparative procedures (e.g., time for 
NaBH4 addition), a different sized NC  Au20(SR)16 were formed (Zhu et al. 
2009). 
1.4.2.2 Using a Milder Reducing Agent 
As the commonly used reducing agent, NaBH4, was a strong reducing 
agent, additional control measures are required to regulate its activity, leading 
to a more complex experimental set-up. A more preferable way could be the 
use of a milder reducing agent to provide a mild reduction environment. In 
organic synthesis, borane-based reducing agents with various reducing power 
and selectivity have been extensively exploited. Recently, some of them [e.g., 
borane-tert-butylamine complexes (TBAB) and sodium cyanoborohydride 
(NaBH3CN), Figure 1.9] are also used to synthesize thiolate-protected Au NCs. 
As compared with NaBH4, these borane-based reducing agents have a weaker 
reducing power, and could provide better control for the NC synthesis. For 
example, Wu et al. used TBAB as the reducing agent and have successfully 
synthesized Au19(SR)13 NCs (Wu et al. 2011). In a separate effort, TBAB was 
used by Park et al. to synthesize biicosahedral Au25 NCs protected by mixed 
ligands (phosphine and various thiolate ligands) (Park and Lee 2012).
 
Besides 







Figure 1.9 Molecular structure of (a) borane-tert-butylamine complexes 
(TBAB) and (b) NaBH3CN. 
 
1.4.2.3 Using Thiolate Ligands as Reducing-cum-Protecting Agents 
Besides selecting reducing agents with a milder reducing capability, 
combining the mild reducing and protecting capability into the thiolate ligands 
is another attractive strategy to synthesize monodisperse thiolate-protected Au 
NCs. Replacing extraneous reducing agents like NaBH4 by thiolate ligands, 
especially those ligands with good biocompatibility (e.g., GSH and Cys) is 
also attractive for the potential use of Au NCs in biomedical applications. 
Custom-designed peptides provide a good platform to test this concept 
because the thiol-containing amino acid (Cys or C) and reductive amino acid 
(e.g., tyrosine or Y) can be readily integrated into a custom-designed peptide. 
For example, Wang et al. designed an oligopeptide (H2N–
CCYRGRKKRRQRRR–COOH) containing C and Y, where the sequence of 
CCY can be used to reduce Au ions to form Au NCs and the sequence of 
RGRKKRRQRRR has the nucleus targeting ability (Figure 1.10). The 
resultant Au NCs contains 25 Au atoms and combines the dual functions of 
luminescence and specific targeting (Wang et al. 2012). 
 
Figure 1.10 Schematic illustration of the formation process of peptide – Au 
clusters and its application in Hela cell nucleus targeting. Domain 1 captures 





the phenolic group of tyrosine to reduce Au ions. The resultant Au NCs are 
protected by the SH groups of the peptide. Domain 2 of the peptide is an 
amino acid sequence that can target a cell nucleus. Adapted from (Wang et al. 
2012) with permission from The Royal Society of Chemistry. 
 
Besides protecting Au NCs, the thiol group (or the disulfide group formed 
during the synthesis) of thiolate ligands also possesses mild reducing 
capability for the synthesis of Au NCs. Recently, Luo et al. demonstrated a 
facile and one-pot synthesis of highly luminescent Au NCs by using GSH as 
the reducing-cum-protecting agent (Figure 1.11a) (Luo et al. 2012). In a 
typical synthesis of luminescent Au NCs, HAuCl4 was first reduced to Au(I) 
by using a relatively low thiol-to-Au ratio, which was 1.5:1 instead of the ratio 
of 3:1 commonly used in Brust-like methods. As a result, the GSH was 
insufficient to coordinate and stabilize all freshly-generated Au(I) to form 
Au(I)-SG complexes, leaving a small amount of Au(I) coordinated by non-
thiolate groups (hereafter referred to as X) to form Au(I)-X complexes. These 
Au(I)-X complexes were less stable than Au(I)-SG complexes, and could be 
reduced to form Au(0) nuclei by the disulfide groups of GS-SG (the oxidized 
GSH formed during the synthesis) at an elevated temperature (343 K). The in 
situ generated Au(0) nuclei provided aggregation sites for Au(I)-SG 
complexes, leading to the formation of a new family of core-shell structured 
Au(0)@Au(I)-SG NCs. The as-synthesized Au NCs have a high content of 
Au(I)-SG complexes and showed a strong orange emission at ~610 nm(Figure 
1.11b). They also have high quantum yield (QY) of ~15%. The authors also 
found that the luminescence of the NCs was originated from the aggregation-
induced emission of the Au(I)-SG complexes on the NCs. 
(a) (b)
 
Figure 1.11 (a) Schematic illustration of the synthesis of luminescent 
Au(0)@Au(I)-thiolate NCs by using a thiolate ligand as protecting-cum-





line) and photoemission (red solid line) spectra of the Au(0)Au(I)-thiolate NCs. 
Adapted with permission from (Luo et al. 2012). Copyright (2012) American 
Chemical Society. 
1.4.3 Tailoring the Thiol Etching Process of a Size-Focusing Process 
1.4.3.1 Tailoring the Size Distribution of Precursor Aun(SR)m NCs 
Au NCs with a full size spectrum is pivotal to establishing a precise size-
property correlation of the NCs. In contrast to those ultrastable Au NCs 
discussed in Section 1.3.2, other Au NCs with metastable sizes cannot sustain 
a harsh thiol etching process. Therefore an elaborate control of the thiol 
etching process is required to extend the size-focusing method to synthesize 
Au NCs with metastable sizes. For example, a proper size control of the NC 
precursors may produce mix-sized Au NCs consisting of only metastable sizes, 
which, upon the size-focusing, will form the most stable Au NCs which are 
those NCs with a specific metastable size. In this strategy, the experimental 
conditions in synthesizing Au NC precursors, such as the reaction temperature, 
solvents, type and amount of reducing agents, are required to be controlled 
carefully, which may help produce Au NC precursors with a predesigned size 
distribution. 
As demonstrated in Section 1.4.2, a mild reduction environment for the 
reductive decomposition of Au(I)-SR complexes is particularly useful in 
narrowing the size distribution of the resultant Au NCs. A good example was 
recently reported by Qian et al. (Qian, Zhu et al. 2009), who synthesized 
Au38(SR)24 NCs by circumventing the formation of other thermodynamically 
stable Au NCs. The Au38(SR)24 NC species was generally obtained by a 
separation technique in previous studies (Schaaff, Shafigullin et al. 1997, 
Tsunoyama, Nickut et al. 2007, Chaki, Negishi et al. 2008). Thiol etching was 
also used to improve the yield of Au38(SR)24 NCs, but only a low yield was 
achieved in the final product (Toikkanen, Ruiz et al. 2008). This is because the 
as-prepared Au NC precursors had a broad size distribution, which, upon thiol 
etching, led to the formation of Au NCs with several stable sizes including 
Au25(SR)18 and Au38(SR)24. As Au25(SR)18 is more stable than Au38(SR)24 in 
solution (Dharmaratne, Krick et al. 2009), it is very difficult to remove 





Qian et al. hypothesized that the solvent conditions can affect the size 
distribution of as-prepared Au NC precursors (Qian, Zhu et al. 2009). They 
used acetone as the solvent to replace conventional methanol for the 
preparation of Au NC precursors. The as-prepared Aun(SG)m NCs in methanol 
were in the size range of n = 10 – 39 (Negishi, Nobusada et al. 2005). In 
comparison, the as-prepared Aun(SG)m NCs in acetone were much larger and 
were in the size range of n = 38 – 102 (determined by MALDI-TOF, Figure 
1.12b). A subsequent thiol etching of as-prepared Aun(SG)m NC precursors in 
acetone by phenylethanethiol formed Au38(SR)24 NCs. Since Au25(SR)18 was 
not in the as-prepared Aun(SG)m NC precursors, Au38(SR)24 was the most 
stable NC species in the size range of n = 38 – 102, and a high purity of 
Au38(SR)24 was obtained after the size-focusing (Figure 1.12a). 
(a) (b)
 
Figure 1.12 (a) Schematic illustration of a two-step approach to synthesize 
Au38(SC2H4Ph)24 NCs. (b) MALDI-TOF mass spectra of the polydisperse (raw) 
Au NCs prior to the thiol etching: (black) Au NC precursors prepared in 
methanol and (red) Au NC precursors prepared in acetone. Adapted with 
permission from (Qian, Zhu et al. 2009). Copyright (2009) American 
Chemical Society. 
 
1.4.3.2 Tailoring the Etching Kinetic of a Size-Focusing Process 
The thiol etching kinetics can also be tailored in order to improve the size-
focusing process. To synthesize Au NCs with ultrastable (or 
thermodynamically stable) sizes, increasing the thiol etching kinetics can 
achieve a higher reaction conversion and also shorten the reaction time. A 
faster etching kinetics could be realized by increasing the thiol-to-Au ratio 
and/or the reaction temperature. For example, a slightly higher thiol-to-Au 





improve the yield of Au25(SR)18 NCs and also shorten the synthesis time to ~2 
h (Wu et al. 2009). The presence of oxygen may also increase the etching 
kinetics. For example, Parker et al. observed that oxygen can greatly improve 
the etching power of the thiolate ligands, and help produce Au25(SR)18 NCs in 
a higher yield (~50%) (Parker et al. 2010). Qian et al. also found that the 
presence of oxygen can facilitate the elimination of unwanted side products 
(e.g., Au102) in the synthesis of Au144(SR)60 NCs(Qian and Jin 2011). 
1.4.4 Thiol Induced Transformation of NC Precursors 
The unique Au-SR interactions not only facilitate the size-focusing of 
polydisperse Aun(SG)m NCs, but may also induce the transformation of 
originally monodisperse Au NCs to new sizes. For example, Muhammed et al. 
reported the synthesis of Au23 and Au33 by forming an interface between 
Au25(SG)18 NCs and a foreign thiolate ligand (Muhammed et al. 2009). 
Although no ESI-MS results were given to confirm the formula of the final 
product, it suggests different protection chemistries can be exploited to 
produce monodisperse thiolate-protected Au NCs. To control the thiol induced 
transformation process, both the original ligand and the thiol etchants are 
tailorable parameters. 
1.4.4.1 Effects of the Original Ligand in Parent NCs 
The difference in protection chemistry of phosphine and thiolate can be 
used to produce monodisperse Au NCs. A phosphine ligand is usually charge 
neutral and acts as a terminal ligand, while thiolate ligands can withdraw an 
electron from Au atom and bridge between Au centers. Thiol etching of 
phosphine-protected Au NCs is typically termed as thiolation and has been 
demonstrate to synthesize monodisperse thiolate-protected Au NCs. For 
example, the thiolation of Au11(PPh3)8Cl3 (Shichibu, Negishi et al. 2005) and 
Au55(PPh3)12Cl6 (Balasubramanian et al. 2005) NCs produced thiolate-
protected Au25 and Au75 NCs, respectively. The increase in size after the 
thiolation was attributed to the agglomeration of Au cores during the ligand 
exchange process. Interestingly, the size of phosphine-protected Au NC 
precursors also dictates the final size of thiolate-protected Au NCs. For 





aggregate to form thiolate-protected Au NCs in the size range of n = 10-39 
(Shichibu, Negishi et al. 2007), which, upon further thiol etching, led to the 
formation of Au25(SR)18 NCs. In contrast, the thiolation of Au55(PPh3)12Cl6 
first formed mix-sized Au NCs larger than Au55, which, upon thiol etching, 
formed Au75 NCs, as this NC species was the most stable NCs in the above 
size range. 
Polymer-protected Au NCs can also be thiolated to produce thiolate-
protected Au NCs. For example, Tsunoyama et al. obtained a new series of 
magic-sized Au NCs with a molecular weight of 8, 11, 21, and 26 kDa after 
the thiolation of PVP-protected Au NCs of ~1.3 nm by neat octadecanethiol 
(C18S-H) (Tsunoyama, Nickut et al. 2007). This size series is different from 
the previous reported 8, 14, 22, and 29 kDa Au NC species (Schaaff, 
Shafigullin et al. 1997). The 11 kDa NC species has been chromatographically 
isolated (Tsunoyama, Negishi et al. 2006), and was determined to be 
Au55(SC18H37)31 (Tsunoyama et al. 2010). This finding is of fundamental 
importance as Au55(SC18H37)31 is the thiolated analogue of the well-known 
phosphine-protected Au55(PPh3)12Cl6 (Liu et al. 2003, Schmid 2008). 
1.4.4.2 Steric Effect of the Etching Thiols 
Besides transformation from non-thiolate-protected to thiolate-protected 
Au NCs, thiol-etching with a second thiolate ligand is also an attractive way to 
produce monodisperse Au NCs with new sizes, especially for those with 
unique steric or electronic structures. Due to the strong interplay of Au-S in 
the ultrasmall size regime, the physicochemical properties of the etchants may 
strongly affect the size of the resultant Au NCs. In particular, the steric 
hindrance of thiolate ligands has been demonstrated effectively to produce 
some unprecedented sizes. For example, Nishigaki et al. used a bulky thiolate 
ligand, Eind-SH (1,1,3,3,5,5,7,7-octaethyl-s-hydrindacane-4-thiol) to etch 
PVP-protected Au NCs, which led to the formation of Au41(S-Eind)12 NCs 
(Figure 1.13) (Nishigaki et al. 2012). Detailed analyses of as-synthesized 
Au41(S-Eind)12 NCs by X-ray absorption fine structure (EXAFS), X-ray 
photoelectron spectroscopy (XPS), and mass spectrometry suggested the 





could result from the strong steric hindrance of the bulky arylthiol ligands, and 
is distinctively different from the SR-[Au(I)-SR]x (x = 1, 2) binding motifs in 
Au NCs protected by small thiolate ligands (Jadzinsky, Calero et al. 2007, 
Heaven et al. 2008, Zhu, Aikens et al. 2008, Qian et al. 2010).  
Eind: R = Et
MEind: R = Me
(a) (b)
 
Figure 1.13 (a) Schematic illustration of the thiol etching of PVP-protected 
Au NPs by the bulky thiolate ligand (Eind-SH). Adapted with permission from 
(Nishigaki et al. 2012). Copyright (2012) American Chemical Society. (b) 
Molecular structure of Eind-SH. 
 
In another study, Krommenhoek et al. reported that two bulky thiolate 
ligands [cyclohexanethiol (Cy-SH) and 1-adamantanethiol (Ad-SH), Figure 
1.14] can produce Au65(SCy)30, Au67(SCy)30, Au30(SAd)18, and Au39(SAd)23 
NCs (Krommenhoek et al. 2012). These sizes are distinctly different from that 
of non-bulky thiolate (e.g., hexanethiol) protected Au NCs. Another intriguing 
finding in this study is that the core sizes of Au NCs decreased as the size of 
the thiolate ligands increased (e.g., Ad-SH is geometrically bulkier than Cy-
SH). This finding provides an efficient way to synthesize different-sized Au 
NCs by using thiolate ligands with different sizes. 
 
Figure 1.14 Schematic illustration of the steric effects of bulky ligands (BLs) 
on NC size. Adapted with permission from (Krommenhoek et al. 2012). 
Copyright (2012) American Chemical Society. 
 





Besides the steric effect, the electronic conjugation effect of the thiolate 
ligands may also play a crucial function in transformation of different sizes. 
Recently, Zeng et al. (Zeng et al. 2012) synthesized a new Au NC species with 
a molecular formula of Au36(SPh-tBu)24 via the thiol etching of 
Au38(SC2H4Ph)24 by 4-tert-butylbenzenethiol (Figure 1.15) (HSPh-tBu or 
TBBT, where the SH group is directly linked to the phenyl ring, Figure 
1.16a). The total structure of Au36(SR)24 revealed that the NC contains a fcc 
Au28 core capped by four RS-[Au-SR]2 staples and twelve terminating -SR 
ligands. This is the first experimental observation on the existence of a fcc 
core in the thiolate-protected Au NCs. In addition, the terminating Au-SR 
motif is totally different from that of other reported thiolate-protected Au NCs, 
where the thiolate ligands are generally in the form of RS-[Au-SR]x (x = 1 or 2) 
motifs.  
 
Figure 1.15 Schematic illustration of the thermal thiol-etching of 
Au38(SC2H4Ph)24 to produce Au36(SPh-t-Bu)24. Adapted with permission from 
(Zeng et al. 2013). Copyright (2013) American Chemical Society.  
 
Figure 1.16 Molecular structure of (a) 4-tert-butylbenzenethiol, (b) 2-
phenylethanethiol, and (c) cyclohexanethiol. 
 
In a follow-up study (Zeng et al. 2013), the authors utilized time dependent 
ESI-MS and UV-vis to monitor the intermediate species, which revealed that 
the formation of Au36(SPh-tBu)24 underwent an interesting pathway of ligand 
exchange  structure distortion  disproportionate  size focusing (Figure 
1.17). When Au38(SC2H4Ph)24 was first subjected to thermal etching with 





distortion of Au38(SC2H4Ph)24. The destabilized NC intermediate with mixed 
ligands then disproportionated to form Au36 and Au40 concurrently. A further 
size focusing process eliminated the unstable Au40 species and produced 
Au36(SPh-tBu)24 NCs finally. It is of note that the transformation 
Au38(SC2H4Ph)24 to Au36(SPh-tBu)24 was observed exclusively for HSPh-tBu, 
as replacement of HSPh-tBu with another bulky thiol  cyclohexanethiol (Cy-
SH, Figure 1.16c) did not produce any similar product of Au36(SCy)24. It was 
thus concluded that both the steric hindrance and electronic conjugation effect 
of the phenyl rings with the Au core were crucial for the unique structure and 
excellent stability of Au36(SR)24 NCs.  
 
Figure 1.17 Proposed reaction pathway for conversion of Au38(PET)24 to 
Au36(TBBT)24. Stage I, ligand exchange; II, structure distortion; III, 
disproportionation; IV, size focusing. Adapted with permission from (Zeng et 
al. 2013). Copyright (2013) American Chemical Society. 
 
The understanding of the synergistic effect of the steric and electronic 
effect of etching thiols is very important as it indicates that a new 
methodology could be developed by etching known sizes of NCs with HSPh-
tBu. More recently, Zeng et al. (Zeng et al. 2013) applied the same strategy 
etch to Au25(PET)18 with HSPh-tBu under the same experimental conditions. 
A new species were produced and identified as Au28(SPh-tBu)20. Single 
crystal X-ray diffraction data of the Au28(SPh-tBu)20 shows it consists of a 
rod-shaped Au20, which is fused by two cuboctahedra (Au13) with six Au 
atoms in common, and four RS-[Au-SR]2 staples and eight terminating -SR 
ligands. It still remain to be elucidated why a small sized Au25 transform to a 





could be produced by applying the same strategy to known sizes (Au102, Au144, 
etc.). 
 
1.5 Problem Definition 
Solution-based synthesis of ligand protected Au NCs is still in its early 
stages (with <20 years of development) and an atomic level understanding of 
the formation process of ligand protected Au NCs is still lacking. Although a 
few size-discrete thiolate-protected Au NCs have been synthesized via a size-
focusing process, and some of them have been resolved in their total structure 
by single crystal X-ray crystallography (Jadzinsky, Calero et al. 2007, Heaven, 
Dass et al. 2008, Zhu, Aikens et al. 2008, Qian, Eckenhoff et al. 2010), there 
are still a lot of sizes need to be explored in order to obtain a full size spectrum. 
A full size spectrum of the thiolate protected Au NCs is the prerequisite to 
establish a reliable size-property correlations and the key to answer the several 
fundamental questions that are listed in Section 1.1 (e.g., the evolution details 
of geometric, electronic structure, and the optical properties of thiolate-
protected Au NCs). It is also helpful to amend our view of Au NCs towards a 
more correct understanding. For example, the early few studies only observed 
non-fcc packing of Au atoms in thiolate-protected, which had been considered 
as a general rule for the geometric structure of Au NCs. Recent studies of the 
structure of Au36(SR)24 and Au28(SR)20 NCs suggest Au NCs can also have a 
fcc core structure (Zeng, Qian et al. 2012, Zeng, Li et al. 2013). In addition, 
the currently available Au NCs were mainly synthesized via a size-focusing 
process, which is definitely not adequate to synthesize all sizes to fill the size 
spectrum. Below are some specific problems of current methodology (mainly 
size-focusing) for NC synthesis: 
(1) More effective alternatives for size-focusing approach need to be 
developed. It should be facile, straight-forward (one-pot synthesis 
achievable), and can be easily scaled up to realize a large scale 






(2) As one of the most popular strategy in current methodology for the 
synthesis of monodisperse Au NCs, size-focusing is effective to obtain 
truly monodisperse Au NCs (mainly ultrastable one). However, it may 
not be able to synthesize some metastable sizes as they will be 
eliminated under the harsh environment in a classic size-focusing 
process. The synthetic gap of such metastable sizes (e.g., the PAGE 
separated GS-protected Au15, Au18, and Au29 NCs) need to be filled 
with the development of new methodologies. 
(3) The strong reducing agent, NaBH4 which is commonly used in current 
methodologies, will leads to a fast reaction kinetics of the reductive 
decomposition of Au(I)-SR complexes. Monitoring of the intermediate 
species during the NC formation, which may reveal several important 
mechanistic insight on the growth manner of Au NCs (e.g., atom by 
atom, or size-discrete growth), may not be realized due to the fast 
reduction kinetics. 
(4) The commonly used reducing agent  NaBH4 is are known to have 
some side effects in biological systems, it may not be suitable for the 
synthesis of thiolated Au NCs for biological purposes. It is highly 
desirable to develop a mild, NaBH4-free methodology for the synthesis 
of monodisperse Au NCs. 
(5) The structure information of luminescent Au NCs is missing in current 
methodologies. In particular, no atomically precise Au NCs while 
showing strong emission are available, which greatly constrains the 
deep understanding of the luminescence properties of ligand-protected 
Au NCs.  
 
1.6 Objective and Scope 
The principal objective of this thesis study is to address the above 
problems by developing new and versatile synthetic strategies to produce 





chemistry, structure, and composition within one single cluster. The specific 
research activities carried out in this project include the following:  
(1) The development of a facile, one-pot, and scalable synthetic strategy to 
produce monodisperse ligand-protected Au NCs. Thiolate-protected 
Au NCs were selected as the model cluster. A reductive gas molecule 
(CO) was used to create a mild and unique reaction environment for 
Au NCs. The unique reaction environment was also used to monitor 
the NC growth. 
(2) The scalable synthesis of thiolate-protected Au NCs in varied sizes. A 
number of reaction parameters (e.g., pH, solvent) were investigated for 
their effects on controlling the size of Au NCs. Specifically, efforts 
were made to bridge the synthetic missing link of small sized thiolate-
protected Au NCs (<20 Au atoms). 
(3) The synthesis of ligand-protected Au NCs with tailorable surface 
chemistries. The type of the protecting ligand (thiolate, protein), the 
chain length and surface functionalities of thiolate-protected Au NCs 
were the target attributes to control. 
(4) The synthesis of luminescent thiolate-protected Au NCs. Efforts were 
made to determine the unambiguous formula of a red-emitting yet 
monodisperse Au NCs, and to interpret its unique properties by 
structure analysis. 
(5) The synthesis of Au/Ag bimetallic NCs. Efforts were made to control 
the composition in the core (the relative amount of Ag and Au in one 
cluster) and to understand the possible pathways for the formation of 
Au/Ag bimetallic NCs. 
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CHAPTER 2 CO-MEDIATED SYNTHESIS: A 
UNIQUE REACTION SYSTEM FOR THE 




Thiolate-protected Au NCs are typically synthesized via a reductive 
decomposition of polymeric Au(I)-SR complexes (Brust et al. 1994). As 
discussed in Chapter 1, the size and/or structure of Au(I)-SR complexes, and 
the reductive decomposition kinetics are two important factors to determine 
the size distribution of as-synthesized Au NCs. Specifically, the reductive 
decomposition kinetics of the Au(I)-SR complexes is critical to synthesize 
thiolate-protected Au NCs with atomic precision. A fast reduction kinetics 
allow insufficient time for ripening or size-focusing of the newly-formed Au 
NCs, and often lead to the formation of Au NCs with a broad size distribution. 
Most of current synthetic methods use sodium borohydride (NaBH4) as the 
reducing agent to achieve the decomposition of Au(I)-SR complexes (Zhu, 
Lanni et al. 2008, Wu et al. 2009, Parker et al. 2010, Levi-Kalisman et al. 
2011). However, NaBH4 has a very strong reducing capability and usually 
delivers a fast reduction kinetics. The inherent fast reduction kinetics of a 
NaBH4-based synthesis not only hamper the formation of atomically precise 
Au NCs, but also make it a challenge to follow the NC growth process (e.g., 
size evolution) which can reveal important mechanistic insights into the 
formation process of Au NCs. Therefore, it is highly desirable to develop new 
synthetic strategies to furnish a mild and controllable reduction kinetics for the 
synthesis of atomically precise Au NCs. 
A small gas molecule, carbon monoxide (CO), could serve perfectly as an 
alternative of NaBH4. CO has not been explored for the synthesis of noble 
metal NCs but it may create a very unique reaction environment for NC 





capability but also its peculiar interactions with noble metal particles. CO has 
been sought as a reducing agent for the synthesis of noble metal NPs (e.g., Au, 
Pt, Pd) in several previous studies (Xie et al. 2009, Kang et al. 2010, Pretzer et 
al. 2010, Huang et al. 2011, Wu et al. 2011, Wu et al. 2011). For example, the 
mild reducing capability of CO was used in a seeded-growth approach to 
control the size of Au NPs in 3  12 nm range (Pretzer, Nguyen et al. 2010). 
CO also facilitates the synthesis of high quality Pt nanocubes as reported by 
several groups, suggesting the role of CO as a capping agent (Kang, Ye et al. 
2010, Wu, Zheng et al. 2011, Wu, Gross et al. 2011). On the other hand, 
ultrasmall Au nanoparticles has been well documented as an excellent catalyst 
for room temperature oxidation of CO (Herzing et al. 2008, Lopez-Acevedo et 
al. 2010, Liu et al. 2013). In addition, the gas phase of CO allows for the 
creation of a unique two phase system for a better control of the reduction 
kinetics.  
In this chapter, we report a simple and versatile synthesis of thiolated Au 
NCs using CO to create a mild reduction environment for the Au ions. A large 
quantity of high purity Au25(SR)18 NCs can be produced in a single batch by 
this one-pot method. The slow growth of Au25(SR)18 NCs in the presence of 
CO (~24 h) enabled the growth process to be followed for the first time (to the 
best of our knowledge) by UV-vis spectroscopy analysis of the reaction 
solution which underwent distinct color changes (colorless  yellow  orange 
 brown  red-brown). Several key NC intermediates were identified by their 
characteristics UV-vis spectra and mass spectrometry analysis, thereby 
allowing the formation of Au25(SR)18 NCs to be reconstructed. 
 
2.2 Experimental Section 
2.2.1 Chemicals 
Hydrogen tetrachloroaurate (III) hydrate (HAuCl43H2O) and L-cysteine 
(Cys) were purchased from Alfa Aesar and Sigma-Aldrich, respectively. 
Carbon monoxide (CO, 99.9%) was supplied by Singapore Oxygen Air 





glassware were washed with Aqua Regia (HCl : HNO3 volume ratio = 3:1), 
and rinsed with ethanol and ultrapure water. Ultrapure water with a specific 
resistance of 18.2 MΩ was used throughout the experiment. 
2.2.2 Material Synthesis 
In a typical synthesis, aqueous HAuCl4 solution (3.75 mL, 40 mM; or 60 
mg of HAuCl4  3H2O) and Cys solution (4.5 mL, 50 mM, pH = 12; or 27 mg 
of Cys) were added to ultrapure water (141.75 mL) under vigorous stirring, 
followed by NaOH addition to adjust the pH of the reaction solution to 11. 
The reaction vessel was then saturated with 1 bar CO for 2 min. The reaction 
mixture was sealed airtight, and the reaction was allowed to proceed under 
gentle stirring (500 rpm) at room temperature for 24 h. The time CO was 
introduced to the reaction solution was recorded as 0 min. At specific time 
intervals, small aliquots of the reaction solution were drawn with a syringe (1 
mL) and analyzed by UV-vis spectroscopy. The final product was collected at 
24 h, followed by the concentration with a rotary evaporation. The thiolated 
Au NCs were then precipitated out by adding a certain amount of ethanol. The 
precipitate was collected, washed with methanol for several times, and dried 
under vacuum. For a typical synthesis, ~ 40 mg of Au25(Cys)18 NCs was 
obtained. ~200 mg of Au25(SR)18 NCs was obtained for a large scale synthesis. 
2.2.3 Materials Characterizations 
UV-vis spectra were recorded on a Shimadzu UV-1800 spectrometer. The 
optical density at the characteristic peak of Au25(SR)18 NCs (i.e., O.D.670 nm) 
was used to estimate the yield of Au25(SR)18 NCs in the raw product. For 
example, O.D.670 nm = 0.337 for our raw product in a typical synthesis. Using a 
molar absorption coefficient () at 670 nm of 8.8  103 M-1∙cm-1 (Negishi et al. 
2005), the concentration of Au25(SR)18 in the raw product was calculated to be 
3.8  10-2 mM. Since the initial Au ion concentration in our reaction solution 
was 1 mM, the yield of Au25(SR)18 in our raw product based on the total 
amount of Au precursor ions in the reaction solution was therefore ~ 95% [3.8 
 10-2  25 mM) / 1 mM = 95%]. The molecular formulae of Au NCs were 





(ESI-TOF) system operating at negative mode (capillary voltage: 4 kV; 
nebulizer: 0.4 bar; dry gas: 2 L∙min-1 at 120 C; and m/z: 50 − 4000). The 
sample was dissolved in ultrapure water and injected into the chamber at 120 
µL∙min-1. The matrix-assisted laser desorption ionization time-of-flight 
(MALDI-TOF) mass spectra of Au NCs were recorded by a Bruker Daltonics 
Autoflex II TOF/TOF system. The MALDI-TOF samples were prepared by 
mixing 2 L of the raw product with 2 L of matrix solution (saturated α-
cyano-4-hydroxycinnamic acid (CHCA) solution in 50% acetonitrile) and 
allowed for recrystallization in air prior to the analysis. The data were 
collected in linear mode (negative ion or positive ion). Transmission electron 
microscopy (TEM) images were taken on a JEOL JEM-2010 microscope 
operating at 200 kV. X-ray photoelectron spectroscopy (XPS) measurements 
were performed on a VG ESCALAB MKII spectrometer. 
 
2.3 Results and Discussions 
2.3.1 Synthesis and Characterization of Au25(Cys)18 NCs 
The Au NCs were protected by cysteine (Cys), a common amino acid 
selected as the model thiol ligand for this study. In a typical synthesis of 
Au25(Cys)18 NCs, aqueous HAuCl4 solution (3.75 mL, 40 mM; or 60 mg of 
HAuCl43H2O) and Cys solution (4.5 mL, 50 mM, pH = 12; or 27 mg of Cys) 
were added to ultrapure water (141.75 mL) under vigorous stirring, followed 
by NaOH addition to bring the pH of the reaction mixture to 11. The reaction 
vessel was then saturated with 1 bar CO for 2 min. The reaction mixture was 
sealed airtight, and the reaction was allowed to proceed under gentle stirring 
(500 rpm) at room temperature for 24 h. The color of the solution changed 
from colorless to yellow, orange, brown, and finally red-brown (Figure 2.1a, 
inset). 
Raw product was collected after 24 h of reaction and examined by UV-vis 
spectroscopy. The resulting spectrum (Figure 2.1a) shows four distinct 
absorption peaks at 400, 450, 670 and 770 nm, which are the characteristic 





These distinct peaks are closely correlated to the unique atomic packing mode 
and discrete electronic structure of the Au25(SR)18 cluster. X-ray 
crystallographic analysis has identified Au25(SR)18 adopts a core-shell 
structure, where an icosahedral Au13 core is capped by six [RS-(Au-SR)2] 
motifs (Heaven et al. 2008, Zhu, Aikens et al. 2008). Time-dependent density 
functional theory (TDDFT) has further identified the 670 nm peak as the 
LUMOHOMO dipole allowed transition while other peaks as transitions 
arising out of the other occupied HOMO-n orbitals (Zhu, Aikens et al. 2008). 
The well-defined absorption spectrum suggests high purity of Au25(Cys)18 
NCs in the raw product. A very high yield of Au25(Cys)18 NCs (~95% based 
on the amount of Au in the precursor) was determined by measuring the 
optical density of the raw product at 670 nm and using the reported molar 
absorption coefficient of thiolated Au25 NCs (Negishi, Nobusada et al. 2005). 
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Figure 2.1 UV-vis spectrum (a) and ESI spectra (in negative ion mode; b  d) 
of the as-synthesized Au25(Cys)18 NCs. The blue curve in (d) is the theoretical 
isotopic patterns of peak #4 in (c). 
 
ESI-MS was used to determine the molecular composition of the as-
synthesized thiolated Au NCs. ESI is a soft ionization technique that allows 
for the determination of the intact NC mass (Tracy et al. 2007, Tracy et al. 
2007, Harkness et al. 2010). As shown in Figure 2.1b, only one set of intense 
peaks at  m/z 2380 is present in the range of 1500 – 3000, further 





Figure 2.1c) is accompanied by a series of similar and less-intense peaks (#1  
#3, #5  #7) spaced 22 Da apart, which can be attributed to H+ dissociation 
and Na
+ 
coordination [– H + Na] (Wu et al. 2009). The isotopic pattern 
analysis (Figure 2.1d, blue (theoretical) and black (experimental) curve) of the 
2383.4 peak (#4) indicates that the ionized NCs carried three negative charges 
(isotopic peak spacing = 0.33). Thus the molecular weight of the NCs could be 
determined as 7150.2 Da (2383.4 × 3), consistent with the molecular formula 
of [Au25(Cys)18 – 6H + 3Na]
3–
 (molecular weight of 7150.0 Da). Other 
identifiable ionized species in the set include [Au25(Cys)18 – 3H]
3– 
(7083.2 Da,  
#1), [Au25(Cys)18 – 4H + Na]
3– 
(7106.1 Da, #2), [Au25(Cys)18 – 5H + 2Na]
3– 
(7128.1Da, #3), [Au25(Cys)18 – 7H + 4Na]
3– 
(7193.1Da, #5), [Au25(Cys)18 – 8H 
+ 5Na]
3–
(7194.1 Da, #6), and [Au25(Cys)18 – 9H + 6Na]
3–
 (7216.2 Da, #7) 
(Figure 2.2). 
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Figure 2.2 Isotope patterns (experimental (black curves) and theoretical (blue 
curves)) of peaks #1 #3 and #5  #7 in Figure 2.1c. 
 
Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) 
spectrometry was also used to confirm the NC formulae. MALDI-TOF is 
another powerful technique to determine the NC composition; however, 
extensive fragmentations could exist during the testing, which could be largely 
suppressed by an optimized testing condition (e.g., a proper selection of matrix 
and laser pulse intensity) (Dass et al. 2008, Dharmaratne et al. 2009). The 





the molecular formula Au25(Cys)18. The two smaller peaks at approximately 
m/z 5900 and 6700 can be assigned to Au21(Cys)14 and Au24(Cys)16, which are 
the residues of Au25(Cys)18 clusters after the common dissociation of a 
Au4(Cys)4 and a Au(Cys)2 fragment respectively (Dass, Stevenson et al. 2008, 
Angel et al. 2010). No other peaks are found in the mass range up to m/z 
15000, which is not unexpected in view of the high purity of the product.  

























Figure 2.3 MALDI-TOF mass spectrum (in negative ion mode) of the as-
synthesized Au25(Cys)18 NCs. 
 
 







A representative transmission electron microscopy (TEM) image confirms 
that the NCs were highly monodisperse (Figure 2.4). The oxidation state of 
Au25(Cys)18 was determined by X-ray photoelectron spectroscopy (XPS). The 
Au 4f7/2 binding energy of the as-synthesized NCs (Figure 2.5a, black curve) 
is between that of thiolated-Au(I) complexes (prepared by simply mixing 
HAuCl4 with Cys ligands, Figure 2.5a, red curve) and large Au nanoparticles 
( 3 nm, prepared by the NaBH4 reduction of HAuCl4 without any protecting 
agent, Figure 2.5a, blue curve). A slight 0.36 eV shift in the Au 4f7/2 binding 
energy from that of large Au nanoparticles may be attributed to the effects of 
surface thiolates (Negishi, Nobusada et al. 2005). The binding energy of S 2p 
at 163 eV (Figure 2.5b) is typical of the binding energy of thiolates in 
thiolated Au NCs (Shibu and Pradeep 2011, Wu et al. 2011). 




























Figure 2.5 (a) Au4f XPS spectra of the as-synthesized Au25(Cys)18 NCs (black 
curve), thiolate-Au(I) complexes (red curve, prepared by simply mixing 
HAuCl4 with Cys ligands), and large Au nanoparticles (blue curve,  3 nm, 
prepared by the NaBH4 reduction of HAuCl4 without any protecting agent). (b) 
S2p XPS spectrum of the as-synthesized Au25(Cys)18 NCs. 
 
2.3.2 Influence of Experimental Parameters on the Quality of Final 
Product 
Several critical experimental conditions for the formation of high purity 
Au25(Cys)18 NCs were identified: (i) Use of CO and Cys to provide, 
respectively, a mild reduction environment and strong protection, is 





reducing agent (Xie, Zhang et al. 2009, Kang, Ye et al. 2010, Pretzer, Nguyen 
et al. 2010)
 
which reduced the precursor Au ions to Au metal, without which 
only thiolate-Au(I) complexes (Figure 2.6a) were formed under the room 
temperature. It should be mentioned that Cys is also a weak reducing agent for 
Au(III) ions (Glisic et al. 2012). However it could only reduce the Au(III) ions 
to Cys-Au(I) complexes under the room temperature, as shown in Figure 2.6a. 
The strong affinity of thiol to Au(I) in the thiolate-Au(I) complexes prohibits 
their further reduction by a weak reducing agent (Cys) to form thiolated Au 
NCs under a mild reaction condition. On the other hand, substitution of CO 
with a stronger reducing agent (NaBH4) produced a mixture of Au NCs in 
different sizes (and consequently a featureless absorption spectrum, see Figure 
2.6b), thus highlighting the key role of CO in the synthesis. The unique 
thiolate-Au interactions are absolutely essential for the formation of ultrafine 
Au NCs. In the absence of the thiol ligands (Cys), only large Au nanoparticles 
with characteristic surface plasmon resonance (SPR) at  540 nm (Figure 2.6c) 
were formed.  
(ii) A high pH ( 11) of the reaction solution was necessary for the 
formation of Au25(Cys)18 NCs. A lower alkalinity (pH  9) or acidic (pH  4) 
condition would form Au NCs in other sizes (Figure 2.6d). The pH of the 
reaction solution could affect the formation of Cys-protected Au NCs in two 
different ways. First, the pH of the reaction solution determines the ionization 
structure of Cys ligands, which leads to the formation of Cys-Au(I) complexes 
in different structures. Besides the thiol side group which interacts with Au(I) 
to form Cys-Au(I) complexes, Cys has two other ionizable functional groups 
(carboxyl and amine, resulting in two pKa values of 1.71 and 10.78, 
respectively). Therefore, the pH of the reaction solution determines the 
structure or the aggregation state of thiolate-Au(I) complexes, which could 
affect the formation rate of Au NCs, similar to the observations reported in 
previous studies (Zhu, Lanni et al. 2008, Qian and Jin 2011). Second, the 
reducing capability of the reductant (CO) is also pH dependent. In our reaction 
system, the increase of the reaction pH will improve the reduction capability 
of CO, because the oxidized product of CO – CO2, can dissolve in water more 
rapidly as CO3
2-





(iii) The monodispersity of the Au25(Cys)18 NCs was dependent on the 
ligand (Cys) to Au precursor concentration ratio (R[Cys]/[Au]). Other studies 
have found this ratio to be determining of the size of the Au NC product 
(Negishi et al. 2012). Different R[Cys]/[Au] ratios (1, 1.5, 2, 3 and 4) were used in 
our reaction system to synthesize Au NCs, and the most optimal ratio for 
Au25(Cys)18 NCs was 1.5 (Figure 2.1). A lower (R[Cys]/[Au] = 1, Figure 2.6e, no. 
1) or higher (R[Cys]/[Au] = 2 or 3, Figure 2.6e, no. 2 and no. 3, respectively) ratio 
would produce Au NCs in other sizes, as suggested by their respective optical 
absorption spectra (Figure 2.6e). It should be noted that when the ligand to Au 
ratio was increased to 4, only a colorless solution (Figure 2.6e, no.4) was 
obtained, suggesting the formation of ultrasmall Au NCs. No absorption peaks 
in the wavelength range of 300 to 1100 nm were observed (Figure 2.6e, no.4). 


















































































Figure 2.6 UV-vis spectra and digital photographs (inset) of (a) the mixture of 
HAuCl4 and Cys in the absence of CO after 24 h of reaction (pH = 11); (b) Au 
NCs synthesized by substitution of CO with NaBH4; (c) Au nanoparticles 
synthesized by the CO-reduction without Cys; (d) Au NCs synthesized under 
different pHs (pH 4.4 (no. 1) and pH 9.1 (no. 2)); and (e) Au NCs synthesized 
by different R[Cys]/[Au] values at pH 11 (R[Cys]/[Au] = 1 (no. 1), R[Cys]/[Au] = 2 (no. 
2), R[Cys]/[Au] = 3 (no. 3) and R[Cys]/[Au] = 4 (no. 4)). 
 





Slow and controllable reaction kinetics is another most noticeable feature 
of the CO-directed synthesis of Au25(Cys)18 NCs. NC formation occurred 
through a series of distinct color changes which could be followed by the 
time-course measurements of the UV-vis spectra. The NC size was found to 
vary from Au10-15, to Au16-25, and to Au25 finally based on UV-vis 
spectroscopy and mass spectrometry measurements. A postulation of the 
growth of thiolated Au25 NCs in the presence of CO is illustrated in Figure 
2.7a. This particular scheme identifies three distinguishable stages: the 
formation of Au10-15 NCs from thiolate-Au(I) complexes via CO reduction 
(stage 1), the NC growth from Au10-15 to Au16-25 NCs (stage 2), and the 
transformation (or size-focusing) of Au16-25 to the final Au25 NCs (stage 3). 
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Figure 2.7 (a) Schematic diagram illustrating the postulated formation of 
Au25(Cys)18 NCs in the presence of CO. UV-vis spectra as a function of 
reaction time: (b) 0  20 min; (c) 20  90 min; and (d) 90 min  24 h. Insets 
are digital photographs of the reaction solution at different times. (e) MALDI-
TOF mass spectra (in positive ion mode) of the reaction solution at different 
reaction times: 0 min (black), 5 min (red), 40 min (blue), and 24 h (magenta). 
 
The first stage was the formation of Au10-15 NCs by the CO reduction of 





changed to light yellow after the introduction of CO. The solution color 
deepened gradually to yellow and was orange in 20 min (Figure 2.7b, inset). 
The light yellow solution after 5 min of reaction displayed a shoulder peak at 
 420 nm, which grew in intensity with time (Figure 2.7b). The absorption 
peak at  420 nm is close to the characteristic absorptions of the reported Au10-
15 NCs, which are in the wavelength range of 370 to 420 nm (Woehrle et al. 
2002, Yang and Chen 2002, Negishi, Nobusada et al. 2005, Bertino et al. 
2006). The formation of Au10-15 NC intermediates was confirmed by the 
MALDI-TOF analysis of the solution after 5 min of reaction. The bump in the 
spectrum at ~ m/z 2600 (Figure 2.7e, red curve) suggests that the intermediate 
species after 5 min of reaction was in the size range of 10  15 Au atoms. 
Only the core mass of AunSm was detected in our MALDI samples in the 
positive ion mode because of the significant fragmentation under the 
measurement conditions, similar to the observations in other studies (Schaaff 
et al. 1998, Wu et al. 2009, Yang et al. 2012).  
It should be mentioned that, besides serving as the reducing agent, CO 
could also play important role as a protecting ligand for Au NCs. For example, 
the well-documented strong CO affinity for the noble metal surface (Chang et 
al. 2011, Wu, Zheng et al. 2011, Wu, Gross et al. 2011) could be involved in 
the stabilization of Au10-15 NC intermediates in the first stage. However, the 
CO molecules on the surfaces of these small Au NC intermediates could be 
oxidized to CO3
2-
 in alkaline solution since small Au NCs are active catalysts 
for CO oxidation (Maye et al. 2000, Herzing, Kiely et al. 2008). The loss of 
CO as a stabilizer and the involvement of small Au NC intermediates as 
catalysts could destabilize these small Au NCs, which could promote the 
deposition or capping of thiolate-Au(I) motifs on their surface, hence 
facilitating the subsequent growth of thiolated Au NCs. No CO ligands were 
detected in our final product (Au25(Cys)18 NCs), further implying the possible 
catalytic role of Au NC intermediates for CO oxidation. 
The second stage was the growth of the NC intermediates from Au10-15 to 
Au16-25 NCs, as shown by the solution color change from orange to brown, and 





prominent peak at  590 nm appeared after 25 min of reaction (Figure 2.7c). 
The  590 nm peak gradually shifted to lower wavelengths with time and was 
at  560 nm after 90 min of reaction. This peak is in the range of the 
characteristic absorptions of the reported Au16-25 NCs (~ 540 – 570 nm) 
(Negishi, Nobusada et al. 2005). MALDI-TOF mass spectrometry analyses 
attested to the formation of Au16-25 NC intermediates in the reaction solution in 
stage 2. For instance, the MALDI-TOF mass spectrum of the reaction solution 
at 40 min implicated Au NC species in a size range of 16  25 Au atoms. 
The third stage was the transformation (or size-focusing) of Au16-25 NC 
intermediates to Au25 NCs. This commenced after 90 min of reaction when the 
color of the reaction solution stayed at red-brown with no further changes 
detectable by the naked eye (Figure 2.7d, inset). After 2 h of reaction, a peak 
at  640 nm was highly visible in the UV-vis spectrum (Figure 2.7d). The 
peak location is close to the characteristic absorption of Au25 NCs at 670 nm. 
The peak gradually shifted to longer wavelengths and stabilized at 670 nm at 
about 8 h of reaction, whereas the intensity increased with time from 8 to 18 h. 
At the same time other fingerprint peaks of Au25 NCs at 400, 450 and 770 nm 
also emerged and increased in intensity with time. A complete absorption 
profile of Au25 NCs was fully developed in about 18 h. The intensity increase 
of the 670 nm peak correlated well with the decrease of the 560 nm peak, 
thereby suggesting the size-focusing of Au16-25 NCs to Au25 NCs. The 
presence of only one intense peak corresponding to the Au25 NCs in the 
MALDI-TOF spectrum (Figure 2.7e, magenta curve) of the reaction solution 
at 24 h is further indication of the size-focusing of Au16-25 to Au25 NCs in 
stage 3. Although the details on the size-focusing of Au16-25 NCs to Au25 NCs 
are not clear at this time, it could be thermodynamically driven – it has been 
reported that Au25 NCs are thermodynamically more stable than other NC 
species in the size range of Au16 to Au25 (Shichibu et al. 2007). The absorption 
spectrum of the reaction solution was practically unchanged from 18 to 24 h. 
This was also the time period our final product was sampled. 





Synthesis of monodisperse thiolated MNCs in sufficiently large quantities 
(up to several hundred micrograms) is necessary for establishing reliable size–
property relationships and exploring their potential practical applications. The 
synthesis protocol developed in this study is easily scalable. The synthesis 
scale has been successfully enlarged by a factor of ~7 (i.e., 1 L in a single 
batch, Figure 2.8a inset). The UV-vis of the raw product (Figure 2.8a) is 
superimposable to that of a typical synthesis (Figure 2.1a), suggesting the 
production of high purity Au25(Cys)18 NCs. The ESI-MS further confirms the 
purity of the final product (Figure 2.8b). The NC solution was dialyzed to 
remove small molecular impurities, and lyophilized to yield ~200 mg of 
Au25(Cys)18 powders in a pure form, which is ~100 times the yield of 
Au25(SR)18 NCs obtained by a typical isolation method (e.g., PAGE). 
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Figure 2.8 UV-vis spectrum (a) and ESI spectrum (b; in negative ion mode) of 
a large scale synthesis of Au25(Cys)18 NCs (1 L). The inset of (a) is the digital 
photograph of the as-synthesized Au25(Cys)18 NCs. The inset of (b) is the 
experimental (black curve) and theoretical (blue curve) isotope pattern of the 





In summary, we have developed a simple one-pot method for the synthesis 
of high purity thiolated Au25(Cys)18 NCs ( 95% yield) by using gaseous CO 
as a mild reducing agent. The preparation can be easily scaled up for large 





first time during the formation of thiolated Au25 NCs, and several key 
intermediates in the growth of Au25(Cys)18 NCs (NCs of Au10-15, Au16-25, and 
Au25) could be identified from the time course measurements of UV-vis 
spectroscopy and MALDI-TOF data. The formation of Au25(Cys)18 NCs was 
found to proceed through three identifiable stages: the reduction of thiolate-
Au(I) complexes to Au10-15 NCs (stage 1), the NC growth of Au10-15 into Au16-
25 NCs (stage 2), and the transformation or size-focusing of Au16-25 NCs to 
Au25 NCs (stage 3). This method of preparation is of interest not only because 
it provides a simple one-pot procedure for the preparation of thiolated Au25 
NCs, but also because it demonstrates the unique reaction environment 
provided by gaseous CO. It opens up a new synthesis route for the fabrication 
of atomically precise metal (Au, Ag, Pt and Cu) NCs in quantities large 
enough for application explorations. Other sized Au NCs may also be 
synthesized provided a further systematical investigation of the synthesis 
conditions. 
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CHAPTER 3 CO-MEDIATED SYNTHESIS: 
TAILORING THE SIZE OF THIOLATE-
PROTECTED GOLD NANOCLUSTERS VIA 
VARYING SOLUTION pH 
 
3.1 Introduction 
Tailoring of the NC size is a key focus in current development of thiolate-
protected Au NCs, as their optical and chemical properties are mainly 
determined by their size. For example, thiolated Au NCs of varied sizes, such 
as Au10-12, Au15, Au18, Au25, Au38 and Au144, exhibit interesting size-dependent 
molecular absorptions in UV-vis-NIR region (Negishi et al. 2005, Qian et al. 
2009, Qian and Jin 2011). Recent studies also suggested that the catalytic 
activities of Au NCs were also size dependent (Chen and Chen 2009, Liu et al. 
2010, Zhu et al. 2010). Moreover, large-scale production of thiolated Au NCs 
of tunable sizes can further facilitate the basic and applied research in NC 
chemistry, such as identifying the NC structure, resolving the size-property 
correlation, and exploiting the size-dependent optical and catalytic properties. 
Recently, several kinetic control (Zhu et al. 2008, Zhu et al. 2010, Wu et al. 
2011) and thermodynamic selection (or size focusing) (Schaaff and Whetten 
1999, Toikkanen et al. 2008, Qian et al. 2009, Jin et al. 2010) methods have 
been developed for the synthesis of atomically-precise Au NCs. There are a 
few reports on the large-scale production of thiolated Au NCs with a medium-
to-large size [e.g., Au25 (Shichibu et al. 2005, Wu et al. 2009, Parker et al. 
2010), Au38 (Schaaff and Whetten 1999, Toikkanen, Ruiz et al. 2008, Qian, 
Zhu et al. 2009), Au102 (Levi-Kalisman et al. 2011) and Au144 (Qian and Jin 
2011)], however, the fabrication of smaller NC analogues (<20 Au atoms) is 
less attempted. On the other hand, the effects of protecting (thiol) ligands in 
thiolated Au NCs on their physicochemical properties are more pronounced as 





to synthesize Au NCs of varied sizes but stabilized by the same thiol ligand. 
To date, only high-resolution separation techniques [e.g., polyacrylamide gel 
electrophoresis (PAGE)] are able to prepare a series of discrete-sized Au NCs 
stabilized by the same thiol ligand (Schaaff et al. 1998, Schaaff and Whetten 
2000, Negishi et al. 2004, Negishi, Nobusada et al. 2005). Facile and scalable 
production of such thiolated Au NCs still remains a grand challenge in the 
current NC development.  
More recently, we have developed a new synthetic strategy for the large-
scale production of thiolated Au25 NCs by using a reactive gas – carbon 
monoxide (CO) as the reducing agent (see Chapter 2). The unique reaction 
environment created by gaseous CO supports a well-controlled growth of 
thiolated Au NCs, which leads to the formation of high purity Au25 NCs in a 
one-pot manner. Distinct color changes were also observed during the 
formation of Au25 NCs, implying the discrete cluster size growth for the NC 
formation. This observation inspired us to further exploit this unique reaction 
system for the tailoring of NC sizes. It is well-demonstrated in the synthesis of 
large Au nanocrystals that kinetics control offers a convenient way for the 
tailoring of the particle size (Xiong et al. 2005, Xie et al. 2007, Gao et al. 
2012). The reduction kinetics could be readily varied by redox potentials of 
the reaction pairs. In our reaction system, the reactants are CO (reducing agent) 
and Au(I)-thiolate complexes (Au precursors). The redox potentials of both 
CO and Au(I)-thiolate complexes are highly sensitive to the reaction pH, 
which could be readily used to adjust the reduction kinetics for the NC 
formation. The increase of the pH of the reaction solution would result in the 
formation of a larger-sized thiolated Au NCs, because a higher reaction pH 
could lead to a stronger reducing capability of CO and therefore a faster 
reduction kinetics. 
In this chapter, we present a systematic study of the pH effects on the 
formation of thiolated Au NCs in the CO-reduction method. We found that pH 
is a key factor to adjust the reduction kinetics and therefore to tailor the size of 
as-synthesized Au NCs. By simply varying the pH of the reaction solution, 
discrete sized Au NCs – Au10-12, Au15, Au18 and Au25, protected by various 





can be easily synthesized in large quantities (~0.1 g) in the CO-reduction 
method. An additional attractive feature of our synthetic method is the large-
scale production of three small thiolated Au NCs (Au10-12, Au15 and Au18). 
This advancement provides direct and scalable synthetic protocols for NCs in 
the missing size link between single Au atoms and large Au NCs in the current 
development. 
 
3.2 Experimental Section 
3.2.1 Chemicals 
Hydrogen tetrachloroaurate (III) hydrate (HAuCl4·3H2O) was from Alfa 
Aesar; L-glutathione (GSH) and 3-mercaptopropionic acid (MPA) were from 
Sigma-Aldrich. Carbon monoxide (CO, 99.9%) was from Singapore Oxygen 
Air Liquide Pte Ltd. (SOXAL), and all other chemicals were used as received. 
All glassware was washed with Aqua Regia (HCl/HNO3 volume ratio = 3:1) 
and rinsed with ethanol and copious ultrapure water. Ultrapure water with a 
specific resistance of 18.2 MΩ was used throughout the experiment. 
3.2.2 Material Synthesis 
In a typical synthesis of GSH-protected Au NCs, aqueous solutions of 
HAuCl4 (12.5 mL, 20 mM) and GSH (10.0 mL, 50 mM) were added to a 500-
mL glass flask containing 227.5 mL of ultrapure water. The reaction solution 
was stirred vigorously, and the greenish-yellow solution (the original color of 
HAuCl4 solution) quickly turned to colorless, implying the formation of Au(I)-
thiolate complexes (Shaw et al. 1984, Schaaff, Knight et al. 1998). After 2 min, 
a certain amount of 1 M NaOH was introduced to the reaction solution to 
bring the pH to a particular value (1.5 mL for pH7, 1.625 mL for pH9, 2 mL 
for 10, and 2.7 mL for pH11; the NC samples are therefore denoted as NCs-
pH7, NCs-pH9, NCspH10, and NCs-pH11, respectively). One bar of CO gas 
was bubbled through the reaction solution for 2 min, after which the solution 
was sealed airtight and stirred at 500 rpm at room temperature. After 24 h, the 





synthesized by the same method, except the pH of the reaction solutions were 
adjusted to 10, 11, and 12 (with addition of 1.75, 2.25, and 5 mL of 1 M 
NaOH), respectively. 
3.2.3 Materials Characterizations 
U −vis spectra were recorded on a Shimadzu U -1800 spectrometer. The 
electrospray ionization time-of-flight (ESI-TOF) mass spectra were obtained 
on a Bruker MicroTOF-Q system. The samples were injected directly into the 
chamber at 120 μL·min−1. Typical instrument parameters were as follows: 
capillary voltage, 4 kV; nebulizer, 0.4 bar; dry gas, 2 L·min
−1
 at 120 °C; m/z 
range, 100−4000. Transmission electron microscopy (TEM) images were 
taken on a JEOL JEM-2010 microscope operating at 200 kV. X-ray 
photoelectron spectroscopy (XPS) measurements were performed on a VG 
ESCALAB MKII spectrometer. Nuclear magnetic resonance (NMR) analysis 
was conducted on a Bruker Avance DMX 500 spectrometer operating at 
500.13 MHz for 
1
H and 125.77 MHz for 
13
C, using standard Bruker software. 
The data were collected with samples dissolved in D2O. 
 
3.3 Results and Discussion 
3.3.1 Synthesis of GSH-protected Au10-12, Au15, Au18 and Au25 NCs 
 
Glutathione (GSH or H-SG), a natural thiol-containing tri-peptide (-Glu-
Cys-Gly), was chosen as our model thiol ligand. As shown in Figure 3.1, 
thiolated Au NCs of four sizes – Au10-12, Au15, Au18 and Au25 were 
successfully synthesized in our method by simply adjusting the reaction pH 
from 7 to 11. In a typical Au NC synthesis, aqueous solutions of HAuCl4 (12.5 
mL, 20 mM) and GSH (10 mL, 50 mM) were mixed together to form Au(I)-
SG complexes. The pH of the reaction solution was then brought to a certain 
value (7, 9, 10 and 11) by the addition of a certain amount of 1 M NaOH. 
Gaseous CO was then introduced to the reaction solution for about 2 min. The 





temperature under mild stirring (500 rpm) for 24 h. Dispersions of Au NCs 
with different colors – colorless, yellow, brown and red-brown (Figure 3.2a-d, 
inset) were then collected for the reaction pH of 7, 9, 10 and 11, which are 













Figure 3.1 Schematic illustration of producing Au10-12, Au15, Au18 and Au25 
NCs by adjusting the pH of the reaction solution in the CO-reduction method. 
 
The crude products synthesized under different pH display different colors, 
implying that they have different sizes. The size information of the crude 
products was first suggested by their UV-vis spectra. It has been well-
documented that atomically-precise thiolated Au NCs have characteristic 
optical absorption spectrum, and different sized Au NCs display different 
characteristic absorption peaks (Alvarez et al. 1997, Schaaff et al. 1997, 
Negishi et al. 2006). As shown in Figure 3.2a-d, NCs-pH7, NCs-pH9, NCs-
pH10 and NCs-pH11 show well-defined absorption spectra with distinct peaks 
at 330/370, 375/415, 560/620 and 675/805 nm, which match nicely with the 
reported Au10-12(SG)10-12, Au15(SG)13, Au18(SG)14 and Au25(SG)18, 
respectively (Negishi, Nobusada et al. 2005, Negishi, Takasugi et al. 2006). 
The well-defined spectra, especially the respective fingerprint absorption 
peaks, also imply the high purity of our crude products. To the best of our 
knowledge, this is the first successful attempt on the direct and large-scale 
production (~0.1 g) of Au10-12, Au15 and Au18 NCs in a single method. Our 
protocol can be further scaled-up to gram-scale considering its simple and 
one-pot feature (for one example, 0.4 g Au18(SG)14 powders were obtained in 
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Figure 3.2 UV-vis (top) and ESI mass (down) spectra of (a, e) Au10-12, (b, f) 
Au15, (c, g) Au18, and (d, h) Au25 NCs protected by GSH. The insets in (a–d) 
show digital photos of the respective products and the insets in (f–g) are the 
experimental (black) an simulated (red) isotope distributions of [Au15(SG)13 – 
3H]
3−




The size information was further confirmed by the electrospray ionization 
mass spectrometry (ESI-MS). ESI-MS is a powerful technique to determine 
the NC formula by analyzing the intact NC mass (Tracy et al. 2007, Tracy et 
al. 2007). The ESI mass spectra (Figure 3.2e-h) of NCs-pH7, NCs-pH9, NCs-
pH10 and NCs-pH11 unambiguously confirmed their formula to be Au10-
12(SG)10-12, Au15(SG)13, Au18(SG)14 and Au25(SG)18, respectively. For example, 
the ESI mass spectrum of the NCs-pH7 (Figure 3.2e) shows four sets of 
intense peaks in the m/z range of 1500–3000. The first set of peaks at m/z 
~1680 consists of a series of peaks spaced m/z 7.35 apart. The corresponding 
isotope pattern (Figure 3.3b, black curve) suggests that these ionized species 
carry three negative charges. Therefore, the spacing between two adjacent 
peaks is 22 Da (7.35  3), attributing to a common [H + Na].(Yu et al. 2012) 
The first set of peaks are therefore assigned to be [Au10(SG)10 – (3 + n)H + 
nNa]
3− 
(n = 0 – 9). The comparison of the experimental and simulated isotope 





Similarly, other sets of peaks in Figure 3.2e are assigned to be [Au11(SG)11 – 
(3 + n)H + nNa]
3− 
(n = 0–12), [Au12(SG)12 – (3 + n)H + nNa]
3− 
(n = 0 – 12) 
and [Au10(SG)10 – (2 + n)H + nNa]
2− 
(n = 0 – 6). These assignments are also 
confirmed by their experimental and simulated isotope distributions (Figure 
3.3c-f). Using the same method, the molecular formulas of NCs-pH9, NCs-
pH10 and NCs-pH11 (Figure 3.2f-h) are determined to be [Au15(SG)13 – (3 + 
n)H + nNa]
3− 
(n = 0–3), [Au18(SG)14 – (3 + n)H + nNa]
3− 
(n = 0–2) and 
[Au25(SG)18]
z- 
(z = 6 and 7), respectively (it should be noted that the isotope 
analysis of Au25(SG)18 was not successful due to the severe charging of the 
NCs during the ionization process). Both UV-vis and ESI-MS analyses 
unambiguously determined the composition of our products: Au10-12(SG)10-12 
(NCs-pH7), Au15(SG)13 (NCs-pH9), Au18(SG)14 (NCs-pH10) and Au25(SG)18 
(NCs-pH11). 
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Figure 3.3 Expanded view of mass spectra showing ions carrying three (a, c, e) 
and two negative charges (g) in Figure 3.2e, and the experimental (black) and 





(d), [Au12(SG)12 –4H + Na]
3−








The representative transmission electron microscopy (TEM) images of our 
products [Au10-12(SG)10-12, Au15(SG)13, Au18(SG)14 and Au25(SG)18] suggest 
that they were indeed ultrasmall and below 1.5 nm in size (Figure 3.4). The 
oxidation states of Au10-12(SG)10-12, Au15(SG)13, Au18(SG)14 and Au25(SG)18 
were examined by X-ray photoelectron spectroscopy (XPS) (Figure 3.5). The 
Au 4f7/2 binding energies of our Au NCs were slightly higher than that of large 
Au nanocrystals (3 nm, prepared by the reduction of HAuCl4 with NaBH4 
without any protecting agent). The slight shift of Au 4f7/2 binding energies in 
thiolated Au NCs could be attributed to the initial-state effect, where the 
electron donation from Au atoms to thiolates occurs on the NC surface 
(Negishi, Nobusada et al. 2005). A size-dependent shift of Au 4f7/2 binding 
energies (Figures 3.5) was also observed because the initial-state effect is 
more pronounced when the size of the thiolated Au NCs decreases, similar to 




Figure 3.4 Representative TEM images of (a) Au10-12, (b) Au15, (c) Au18 and 
































Figure 3.5 XPS spectra of Au4f of as-synthesized GSH-protected Au NCs and 
large Au nanocrystals. 
3.3.2 Discussion on the Important Role of Solution pH to Tailor the Size 
of Final Product  
The size tailorability of our synthetic method is realized by creating a 
unique reaction environment for the NC growth. A reactive gas CO is a mild 
reducing agent and provides a mild and controllable reduction kinetics for the 
formation of NCs. The slow reduction kinetics in the CO-reduction method 
was evidenced by the slow and gradual color changes in the reaction solution. 
The distinct color changes also implied the formation of small NC 
intermediates during the NC growth. However, this phenomenon (distinct 
color changes during the formation of the thiolated Au NCs) was not observed 
when a strong reducing agent (e.g., NaBH4) was used because of the rapid 
reduction and a subsequent burst formation of Au NCs (Schaaff and Whetten 
2000). Similar to the synthesis of large Au nanocrystals (>2 nm) (Briñas et al. 
2007), the size of the Au NCs was also determined by the delicate control of 
the reduction kinetics of the Au(I)-thiolate complexes and the passivation 
(protection) of Au NCs by the thiol ligands. A slower reduction kinetics 
allows a better passivation or stabilization of smaller-sized NCs at the early 
stage of the NC growth because it provides more time for the thiol ligands to 
cover and protect the newly-formed Au NC surface. The recent study on the 
synthesis of Au19(SR)13 NCs also highlighted the importance of slow reduction 
kinetics for the formation of small Au NCs (Wu, MacDonald et al. 2011, 





In addition, the reduction kinetics in the CO-reduction method can be 
further fine-tuned by adjusting the reaction pH. The reducing capability of CO 
is largely pH dependent. For example, the reduction of Au(I)-thiolate 
complexes by CO can be expressed by the following equation: 2Au(I)SR + 
CO + 2H2O  2Au
0




. The kinetics of this reaction is 
pH dependent, where the reduction kinetics increases as the reaction pH 
increases. A faster reduction kinetics at a higher reaction pH therefore 
produced Au NCs of a larger size. This corresponds well with our 
experimental observations that the size of as-synthesized thiolated Au NCs 
increases as the increase of the reaction pH (e.g., Au15 at pH 9 and Au25 at pH 
11 in the GSH system). 
3.3.3 Observing the Formation Process of Au18(SG)14 NCs 
The mild reduction kinetics made possible by CO can also be readily used 
to monitor the growth process of thiolated Au NCs. For example, we have 
observed distinct color changes (from colorless, light-yellow, yellow, to 
finally brown; Figure 3.6a) in the reaction solution during the formation of 
Au18(SR)14 NCs. The time-course UV-vis spectra (Figure 3.6b) were then 
measured to reconstruct the formation process of Au18(SR)14 NCs. A key NC 
intermediate – Au15(SR)13 was first identified in the formation of Au18(SR)14 
NCs. As shown in Figure 3.6a, upon the introduction of CO to the reaction 
solution, the original colorless solution (0 min) rapidly changed to light-
yellow at 5 min. The UV-vis spectrum of the resulting light-yellow solution 
shows a distinct peak at ~370 nm and a shoulder peak at ~420 nm (Figure 3.6b, 
red line). These two peaks (370/420 nm) are fingerprint absorption of 
Au15(SR)13 NCs (Figure 3.2b) (Negishi, Nobusada et al. 2005). As the reaction 
proceeds from 10 min to 1 h, the light-yellow solution deepened in color. This 
color change matches well with the intensity increase at 370 nm in the UV-vis 
spectra (Figure 3.6b). At ~1 h, the reaction solution changed to brown. 
Meanwhile, a prominent peak at ~560 nm and a shoulder peak at ~610 nm 
were observed. These two peaks are the characteristic absorptions of 
Au18(SR)14 NCs (Figure 3.2c) (Negishi, Nobusada et al. 2005). From 1 to 8 h, 





nm increased with time. In addition, the absorption spectra for Au18(SR)14 
NCs became better-defined as the time increased from 1 to 8 h. The absorption 
spectrum of the reaction solution at 8 and 12 h was identical, which suggested 
that the formation of Au18(SR)14 NCs was completed at ~8 h. Based on the 
analyses of the time-course optical absorption, the formation of Au18(SR)14 
NCs was most likely from Au(I)-thiolate complexes, to Au15 NC intermediates, 
and finally to Au18 NCs. The discrete size growth from Au15 to Au18 is 
currently unclear which needs to await the resolving of their cluster structures. 
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Figure 3.6 (a) Digital photos and (b) corresponding UV-vis spectra of the 
reaction solution for the synthesis of Au18(SG)14 NCs at different times 
(R[GSH]/[Au] = 2:1). 
 
3.3.4 Structure Interpretation of Au18(SG)14 NCs 
Structure information is the key to understand the important properties 
(e.g., stability) of thiolated Au NCs. Although the growth of single crystals of 
small-sized NCs (<20 Au atoms) still remains a challenge, the scalable and 
precise synthesis of the three small thiolated Au NCs (Au10-12, Au15 and Au18) 
enables us to reveal their structural information by Nuclear Magnetic 
Resonance (NMR) spectroscopy. NMR has been proved to be a powerful 
analysis tool to investigate the structure of thiolated Au NCs (Wu et al. 2009, 
Wu and Jin 2009, Qian et al. 2011). Here we present our NMR studies of 







H NMR spectrum of Au18(SG)14 NCs is shown in Figure 3.7 and the 
inset image is the molecular structure representing the Au18(SG)14 NCs with 
carbon atoms bearing protons being labeled. Note that the strong peak at 4.7 
ppm is from D2O NMR solvent, and the J-coupling peaks at 3.6 and 1.1 ppm is 
from the residual ethanol, which was used to precipitate the Au18(SG)14 NCs 
from aqueous solution. All the other peaks could be categorized into two 
groups, that is, the broad, major set of peaks from the Au18(SG)14 NCs and the 
shaper, less abundant peaks from residual disulfide GS-SG. By comparison 
with a previous NMR study on Au25(SG)18 NCs (Wu, Gayathri et al. 2009), we 
assign the merged broad peaks at 3.6  3.8 ppm to the CH at C-1 and CH2 at 
C-6, and the broad peaks at ~2.1 and 2.5 ppm to the CH2 at C-2 and C-3, 
respectively. 
 
Figure 3.7 1H NMR spectrum of Au18(SG)14 NCs. 
 
For further information, 2D correlation NMR spectroscopy including 
homonuclear correlation spectroscopy (COSY) and heteronuclear single 
quantum correlation (HSQC) were conducted. The COSY and HSQC spectra 
are shown in Figure 3.8a and 3.8b. In the 2D correlation NMR spectroscopy, 
the signals of the Au18(SG)14 NCs and the residual disulfide GS-SG are 
observed. While both sets of signals have been unambiguously assigned, only 
the assignment of the Au18(SG)14 NCs was described below. First of all the 
assignments for C1, C2, C3 and C6 were further confirmed by their 2D 







H NMR but are more informative as they are the most adjacent 
carbons to Au atom. In the HSQC, the signals at 3.2 and 3.4 ppm are CH2 
signals connected to the same carbon (~51 ppm). And this pair of signals is J-
coupled as shown in the COSY. In a similar way, the pair of peaks at 2.5 and 
2.7 ppm is assigned to be J-coupled CH2 signal connected to another single 
carbon (~60 ppm). The two pairs are assigned to the protons at C-5, labeled as 
5 and 5’, respectively (Figure 3.7 and Figure 3.8a). Note that the splitting of 
the proton signals, which is also observed in the disulfide GS-SG spectrum, is 
induced by the chiral carbon (C-4). Meanwhile, both Figure 3.8a and 3.8b 
reveal that there’s a pair of peaks hidden under the D2O solvent peak (denoted 
as 4 and 4’). The signals are assigned to be the CH at C-4 because their J-
coupling behavior with protons at C-5 is observed in Figure 5a (highlighted by 
the two squares). In Figure 3.8b, signals for these two CH groups appear at 4.6 
and 4.7 ppm, and the chemical shifts of the corresponding carbons are also 
distinguishable. As such, we have unequivocally assigned all the NMR peaks 
of the Au18(SG)14 NCs. 
The most important finding in NMR analysis is the demonstration of two 
distinct chemical environments of surface ligands in the Au18(SG)14 NCs, 
indicated by the two sets of C-4 and C-5 proton/carbon signals. A similar 
circumstance was found previously in the Au25(SG)18 NCs where two binding 
modes of the SG ligand were identified by NMR study (Wu, Gayathri et al. 
2009). In one type, each ligand connects the centered icosahedra Au13 core and 
the exterior Au12 shell, whereas in the other type each ligand connects two 
exterior Au atoms. Our NMR results suggest the Au18(SG)14 NCs plausibly 
adopt a core-shell structure and consequently two distinct ligand binding 
modes. Interestingly, the chemical shifts of C4, C5 and related protons 
induced by Au are different in these two clusters. The proton signal on C5 in 
Au25(SG)18 NCs experienced a downfield shift, irrespective of ligand binding 
modes. For the same protons on the Au18(SG)14 NCs, however, one set of 
peaks shifted downfield to ~3.3 ppm whereas the other shifted upfield to ~2.7 
ppm. In the 
13
C NMR spectrum of Au25(SG)18, the signal of C-5 comprises of 
two peaks close to each other (34 and 38 ppm), and C-4 displays a single peak 





ppm) and C-4 splits into two peaks (50 and 51 ppm). These differences 
highlight that the Au25 and Au18 are significantly different in structure and/or 
electronics, despite both adopting a core-shell structure. The finding of two 
binding modes of SG ligand in the Au18(SG)14 NCs also agrees well with 
recent theoretical studies. For example, Jiang et al. predicted the structure of 
Au18(SG)14 NCs as an Au8 core protected by two dimer (-S-Au-S-Au-S-) and 
two trimer (-S-Au-S-Au-S-Au-S-) motifs based on the “divide and protected” 
scheme (Jiang et al. 2009). More recently, Garzon’s group presented 
theoretical calculation on the geometrical structure of the Au18(SR)14 NCs and 
confirmed that the proposed structure of the Au8 core (two fused tetrahedral 
Au4 units) covered by two dimer and two trimer motifs was indeed most stable 




Figure 3.8 Two-dimensional NMR of Au18(SG)14 NCs. (a) 1H  1H COSY; 
(b) 1H  13C HSQC. Note that 1) only proton signals derived from the 
Au18(SG)14 NCs are labelled in the  1H NMR on the top of the figure; and 2) 
only signals from 4, 4’, 5, 5’, indicating the presence of two sets of ligands on 






3.3.5 Synthesis of MPA-protected Au10-12, Au15, Au18 and Au25 NCs 
The size-tailoring feature of our synthetic strategy is fairly generic. For 
example, the protocol can be easily adapted to synthesize Au15, Au18 and Au25 
NCs protected by other thiol ligands [e.g., 3-mercaptopropionic acid (MPA)]. 
By simply substituting GSH with MPA and varying the reaction pH to 10, 11 
and 12, high purity Au15, Au18 and Au25 NCs protected by MPA can be 
synthesized. As shown in Figure 3.9a-c (inset), the as-synthesized Au NCs 
protected by MPA show identical color as the respective Au NCs synthesized 
in the GSH system (yellow–Au15, brown–Au18 and red-brown–Au25). They 
also have similar absorption spectra (Figure 3.2b-d for Au NCs protected by 
GSH and Figure 3.9a-c for Au NCs protected by MPA): 375/410 (Au15), 
560/620 (Au18) and 670/785 nm (Au25). ESI-MS analyses further confirmed 
their molecular formulas to be Au15(MPA)13, Au18(MPA)14 and Au25(MPA)18, 
respectively (Figure 3.9d-f). It should be noted that the reaction pH in the 
MPA system is relatively higher than that in the GSH system. For example, 
for the synthesis of Au15 NCs, the optimal pH in the MPA system is 10, while 
9 is the optimal pH in the GSH system. The pH differences in other systems 
are 11 (MPA) vs. 10 (GSH) for Au18 and 12 (MPA) vs. 11 (GSH) for Au25. 
This observation coincides with the pKa of the thiol group in GSH and MPA, 
which is 9.12 and 10.27 (Pirie and Pinhey 1929, Danehy and Noel 1960), 
respectively. The pKa of the thiol group reflects the readiness of the thiolates 
to donate electrons to the metallic core. The relatively lower pH in GSH than 
in MPA for the synthesis of Au NCs of the same size suggests that GSH is a 
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Figure 3.9 UV-vis and ESI mass spectra of (a, d) Au15, (b, e) Au18 and (c, f) 
Au25 NCs protected by MPA. The insets in (a–c) show digital photos of the 
respective products and the insets in (d–f) are experimental (black) and 










In summary, we presented here a versatile method to tailor the size of 
thiolated Au NCs by simply adjusting the reaction pH in the CO-reduction 
method. Our one-pot method is very simple and can produce four different 
sized Au NCs (Au10-12, Au15, Au18 and Au25) protected by different thiol 
ligands (GSH and MPA) in large quantities (~0.1 g). The mild reduction 
environment made possible by the reactive gaseous CO also helped to monitor 
the cluster growth for thiolated Au18 NCs, where an intermediate species of 
Au15 NCs was first identified during the formation of Au18 NCs. We also 
carried out unprecedented 1D and 2D NMR analysis on the Au18(SG)14 NCs, 
which reveals two ligand binding modes supporting a core-shell structure of 
the NCs. The products and the synthetic strategies demonstrated in this study 
are of interest not only because they provide a versatile and scalable protocol 
for small Au NCs (Au10-12, Au15 and Au18) which bridge the synthetic missing 
link between the single Au atom and large Au NCs (>20 Au atoms), but also 





cluster size, which could also be a key factor in other reaction systems for the 
synthesis of atomically-precise Au NCs. Detailed studies on the structures and 
properties of these Au NCs are currently underway. 
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CHAPTER 4 CO-MEDIATED SYNTHESIS: 





Developing scalable synthetic strategies that are capable to produce a wide 
range of size-discrete NCs with atomic precision is the central task of present 
development of NC chemistry. Large-scale production of thiolate-protected 
Au NCs of varied sizes is the first pivotal step to facilitate the basic and 
applied research in NC chemistry, such as identifying the NC structure 
(Jadzinsky et al. 2007, Heaven et al. 2008, Zhu et al. 2008, Qian et al. 2010, 
Zeng et al. 2012), precisely resolving the size-property correlation, and 
exploiting the size-dependent optical and catalytic properties (Negishi et al. 
2005, Chen et al. 2009, Liu et al. 2010, Zhu et al. 2010). Isolation-based 
methods, such as liquid chorography (Tsunoyama et al. 2006, Knoppe et al. 
2011, Negishi et al. 2012), gel electrophoresis (Schaaff et al. 1998, Schaaff et 
al. 2000, Negishi et al. 2004, Negishi, Nobusada et al. 2005), are able to 
produce a wide range of monodisperse thiolate-protected Au NCs. For 
example, the Tsukuda group performed an elegant PAGE separation of the 
Aun(SG)m NCs (glutathione-protected Au NCs in mixed sizes) and conducted 
ESI mass spectrometric analysis of the isolated species (Negishi, Nobusada et 
al. 2005). Nine discrete sized clusters with atomically precise formula were 
obtained, i.e., Au10-12(SG)10-12, Au15(SG)13, Au18(SG)14, Au22(SG)16, 
Au22(SG)17, Au25(SG)18, Au29(SG)20, Au33(SG)22NCs, and Au39(SG)24 NCs. 
However, the practicality of isolation-based methods is often constrained by 
the sophisticated set-ups, time-consuming processing and low yield (usually 
several micrograms). The prevailing synthetic approach, on the other hand, 
produces atomically precise thiolate-protected Au NCs based on the size-
dependent stability of thiolate-protected Au NCs in different sizes 





ultrastable Au NCs, such as Au25(SR)18, Au38(SR)24, and Au144(SR)60, have 
been synthesized in this way (Schaaff et al. 1999, Shichibu et al. 2005, Chaki 
et al. 2008, Shibu et al. 2008, Toikkanen et al. 2008, Qian et al. 2009, Qian et 
al. 2009). However, some other sizes (e.g., Au15(SG)13, Au18(SG)14, 
Au29(SG)20) may not be obtained using the size focusing method as they are 
less tolerant to the hash thiol-etching process. It is therefore highly desirable to 
develop milder synthetic strategies for metastable species to enrich the size 
spectrum of thiolate-protected Au NCs. 
Less stable thiolate-protected Au NCs sizes may be synthesized 
alternatively by means of kinetic control. A mild and well-controlled reaction 
kinetics may help trap those less thiol-tolerant NCs into well-defined sizes. To 
furnish a mild and well-controlled reaction kinetics, the reducing capability of 
the reductant, temperature and solution conditions are all tailorable parameters. 
For example, Wu et al. chose a mild  reductant (borane-tert-butylamine 
complexes or TBAB) to slow down the reduction process and synthesized a 
small-sized Au cluster with nineteen Au atoms (Au19(SC2H4Ph)13) (Wu et al. 
2011). Recently, we developed a unique synthetic strategy by using a reactive 
gas – carbon monoxide (CO) to create a mild and controllable reaction 
environment for NC growth (Yu et al. 2012). We further fine-tuned the 
reaction kinetics by modulating the solution pH and synthesized three small 
sized Au NCs (Au10-12(SG)10-12, Au15(SG)13, and Au18(SG)14) (Yu et al. 2013). 
The large scale production of these small sized Au NCs filled the synthetic 
gap of small Au NCs (with <20 Au atoms). Whether the CO-mediated method 
can be extended to synthesize other less stable thiolate-protected Au NCs 
remains unclear. 
Despite the widely use of solvent in solution-based synthesis for thiolate-
protected Au NCs, the effect of solvent composition on the size of Au NCs 
remains relatively absent in the literature. Among the few studies on solvent 
effects, Qian et al. (Qian et al. 2009) hypothesized the size distribution of NC 
precursor prior to size focusing could be manipulated by selecting different 
solvent systems. They conducted MALDI-mass spectrometric analysis of the 
NC precursor formed in acetone and revealed that the NC precursor included 
mainly Au NCs with 38-102 Au atoms. In contrast, the NC precursor formed 





(Au25) were not present in the NC precursor formed in acetone, a further 
etching lead to the preferential formation of the relatively stable Au38 NCs. 
More recently, Liu et al. investigated the solvent effects on the size of final 
NC in one-phase Brust-like method (Liu et al. 2013). They found Au(I)-SR 
complexes formed in THF, acetone or ethyl acetate were small in size and 
their subsequent reduction led to preferential formation of small sized Au25; 
while those formed in methanol or acetonitrile instead, the resultant Au(I)-SR 
complexes were large and subsequent reduction of these complexes produced 
mainly large sized Au144. However, as it is difficult to determine the structure 
of Au(I)-SR complexes, how these different solvents affect the size (and the 
structure) of the Au(I)-SR complexes is still not clear. 
In this chapter, we report the CO-mediated, high yield synthesis of 
Au29(SG)20 NCs based on the solvent composition in mixed solvent to alter the 
reaction kinetics. The polarity of reaction medium was modified by the 
composition of mixed solvent, which altered the reaction pathway by 
regulating the size and/or the structure of as-formed Au(I)-SR polymers 
towards a less thiol-tolerant Au29(SG)20 NCs. The quality of the final product 
was evaluated with a wide variety of characterization techniques (e.g., UV-vis, 
ESI-MS, XPS, etc.). The synthesis of Au29(SG)20 NCs is universal in several 
binary mixed-solvent systems (e.g., methanol-water, ethanol-water, and 
acetone-water). This study is interesting not only because it provides a 
scalable synthesis of Au29(SG)20 NCs to fill the synthetic gap between the 
ultrastable Au25(SG)18 and Au39(SG)24 NCs, but also because it exemplifies 
the importance of controlling the solvent composition to modify the reaction 
kinetics to yield kinetically stable products.  
 
4.2 Experimental Section 
4.2.1 Chemicals 
Hydrogen tetrachloroaurate (III) hydrate (HAuCl4.3H2O) and L-
glutathione reduced (GSH) were purchased from Sigma-Aldrich. Carbon 
monoxide (CO, 99.9%) was purchased from Singapore Oxygen Air Liquide 





washed with Aqua Regia (HCl : HNO3 volume ratio = 3:1), and rinsed with 
ethanol and ultrapure water. Ultrapure water with a specific resistance of 18.2 
MΩ was used throughout the experiment. 
4.2.2 Material Synthesis 
In a typical synthesis, aqueous solution of 100 mM GSH and compensated 
methanol were added to several 20-mL disposable glass vials containing 
ultrapure water under vigorous stirring. 2 minutes later, methanolic solution of 
40 mM HAuCl4 was added to above mixtures. The amount of each chemical 
was adjusted to achieve different volume fractions (e.g., 0, 2.5%, 7%, 9%, 
15%, 20%, 30%, and 35%) of methanol while maintaining a total volume of 
~5 mL and a R[GSH]/[Au] ratio of 1.5 in the final solutions. The reaction 
solutions were saturated with 1 bar of CO for 2 minutes, sealed airtight and 
then allowed to react for 16 hours at ambient condition under constant 
stirring. The crude samples were centrifuged to remove unreacted complexes 
and the supernatants were dialyzed in a Fisher dialysis tubing with MWCO of 
6  8 kDa against ultrapure water for 8 h with a water change every two hours.  
4.2.3 Materials Characterizations 
UV-vis spectra were recorded on a Shimadzu UV-1800 spectrometer. The 
electrospray ionization time-of-flight (ESI-TOF) mass spectra were obtained 
on a Bruker MicroTOF-Q system. The samples were injected directly into the 
chamber at 180 µLmin-1. Typical instrument parameters: capillary voltage, 4 
kV; nebulizer, 1.5 bars; dry gas, 8 L∙min-1 at 120 C; m/z range, 100 – 4000. 
X-ray photoelectron spectroscopy (XPS) measurements were performed on a 
VG ESCALAB MKII spectrometer. 
 
4.3 Results and Discussions 
4.3.1 Synthesis and Characterization of Au29(SG)20 NCs 
The raw NCs were synthesized by a CO-mediated method with 
modifications (see detailed synthetic procedure in the Experimental Section). 





methanolic solution of HAuCl4 (0.125 mL, 40 mM) were sequentially added 
into a 20 mL glass vial containing 0.875 mL methanol and 3.925 mL ultrapure 
water (the methanol content was kept as 20% in the final solution). After 2 
minutes of vigorous stirring (800 rpm), the mixture was bubbled with CO (1 
bar) for another 2 minutes. The reaction solution was then sealed air-tight and 
allowed for further reaction for ~16 h. The raw product was centrifuged to 
remove un-reacted polymers and small molecular impurities. The centrifuged 
raw product was brown and showed a prominent absorption peak at ~696 nm 
(Figure 4.1a, black), the shape and position of which is very close to those of 
the previously isolated Au29(SG)20 NCs (Negishi, Nobusada et al. 2005). The 
good match in optical properties suggests a high yield of Au29(SG)20 NCs in 
the raw product. The raw sample could be dialyzed, freeze-dried and re-
dispersed in water without significant loss in UV features, indicating a 
relatively good stability of Au29(SG)20 NCs (see Figure 4.1a for UV-vis 
spectrum of the sample after dialysis (red), freeze-drying and re-dispersed in 
water (blue)). The synthetic procedure could be easily scaled up due to the 
simple and one-pot feature (e.g., 250 mL, ~50 mg after freeze-drying) (Figure 
4.1b). 



























Figure 4.1 (a) Optical absorption spectra of the crude product (black), the 
crude product after dialysis (red), the dialyzed product after freeze-drying and 
re-dissolved in water (blue). (b) The optical absorption spectrum of a large 
scale synthesis (250 mL) of Au29(SG)20 NCs. The insets are digital photos of 
as-synthesized product in a 500 mL round-bottom flask (item 1, without 






Several critical experiment conditions for the high yield synthesis of 
Au29(SG)20 NCs were identified. First, the optimal R[GSH]/[Au] ratio was found 
to be 1.5:1 when the methanol fraction was kept as a constant of 20% (Figure 
4.2a, red). No clusters were formed at a larger R[GSH]/[Au] (e.g., 2:1, Figure 4.2a, 
blue), which could be attributed to the stronger resistance of Au(I)-SR 
polymers against reduction, as CO is only a mild reductant. Smaller R[GSH]/[Au] 
ratio (e.g., 1:1) leads to a faster and uncontrollable reduction due to weak 
protection of Au(I)-SR polymers. Polydisperse Au NCs were thus produced, 
as evidenced by a featureless UV-vis spectrum (Figure 4.2a, black). Second, 
the optimal reaction time (R[GSH]/[Au] = 1.5, fm = 20%) was found to be ~16 h, 
as evidenced by the time course UV-vis spectrus of the reaction solution 
(Figure 4.2b). At t = 1 h, the absorption peak was observed at ~723 nm, which 
indicates the existence of larger sized Au NCs (e.g., Au33 or Au39). As the 
reaction proceeded, the absorption peak progressively shifted to the lower 
wavelength, and finally stabilized at ~696 nm after 16 h. Further increase in 
the reaction time (e.g., 20 h) did not result in changes of the shape and the 
peak position. Therefore, the best sampling time was determined as 16 h. 
 



































Figure 4.2 (a) Optical absorption spectra of the reaction solution with 
R[GSH]/[Au] = 1:1 (in black), 1.5:1 (in red), and 2:1 (in blue). (b) Time-course 
optical absorption spectra of the reaction solution with R[GSH]/[Au] = 1.5. 
 
ESI-MS was further used to confirm the molecular formula of Au29(SG)20 





fragmentations and allows determining the mass of an intact cluster. As shown 
in Figure 4.3a, three sets of major peaks at ~1700, 1985 and 2380 are present 
in the m/z range of 1050  3000. Isotope pattern analysis reveals that these 
three sets of peaks are ionized species of Au29(SG)20 NCs carrying seven, six, 
and five negative charges, respectively. For example, the peak at m/z 1701 and 
with highest intensity was from the charged ion [Au29(SG)20  9H + 2K]
7
, as 
confirmed by comparison of the observed isotope distribution with the 
predicted one (Figure 4.3a, inset). An expanded version of the mass spectrum 
of Au29(SG)20 NCs showing different ions with varied charges were presented 
in Figure 4.3b. The detailed assignments of these peaks were summarized in 
Table 4.1. Therefore, both the UV-vis and ESI-MS analyses unambiguously 
determined the composition of the purified species as Au29(SG)20 NCs. 
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Figure 4.3 (a) ESI-MS spectrum of the PAGE purified Au29(SG)20 NCs. The 
inset is the experimantal (in black) and simulated (in red) isotope distribution 
of ion [Au29(SG)20  9H + 2K]
7
. (b) The expanded version of ESI-MS 
spectrum of Au29(SG)20 NCs in (a) (from bottom to top: the 7 ion set, the 6 








Table 4.1 Assignment of the peaks in ESI mass spectrum (Figure 4.3b) of 
Au29(SG)20 NCs. 
 Observed m/z Assignment Expected m/z Deviation 
7 ions 
1695.62 Au29(SG)20  8H + K 1695.49 0.13 
1698.76 Au29(SG)20  9H + K + Na 1698.63 0.13 
1701.04 Au29(SG)20  9H + 2K 1700.91 0.13 
1704.19 
Au29(SG)20  10H + 2K + 
Na 
1704.06 0.13 
1706.47 Au29(SG)20  10H + 3K 1706.34 0.13 
1709.62 




1978.41 Au29(SG)20  7H + K 1978.23 0.18 
1982.05 Au29(SG)20  8H + K + Na 1981.9 0.15 
1984.74 Au29(SG)20  8H + 2K 1184.57 0.17 
1988.39 Au29(SG)20  9H + 2K + Na 1988.23 0.16 
1991.06 Au29(SG)20  9H + 3K 1990.9 0.16 
1994.71 




2374.3 Au29(SG)20  6H + K 2374.1 0.2 
2378.66 Au29(SG)20  7H + K + Na 2378.48 0.18 
2381.86 Au29(SG)20  7H + 2K 2381.68 0.18 
2386.26 Au29(SG)20  8H + 2K + Na 2386.08 0.18 
2389.45 Au29(SG)20  8H + 3K 2389.28 0.17 
2393.87 Au29(SG)20  9H + 3K + Na 2393.66 0.21 
 
4.3.2 Influence of the Solvent Composition on the Formation of 
Au29(SG)20 NCs 
The solvent composition was varied to investigate the solvent effect on the 
purity of Au29(SG)20 NCs in a typical synthesis (R[GSH]/[Au] = 1.5, t = 16 h). 
When the solvent is pure water, the absorption peak of the resultant product 
shows a prominent peak at ~740 nm and a shoulder peak at ~520 nm (Figure 





Au33 and Au39 (Negishi, Nobusada et al. 2005). The shoulder peak at 520 nm 
is from a new species showing strong red emission and with a comparable size 
to Au25(SG)18 NCs (the synthesis and structure investigation of this new 
species will be discussed in a separate study). As the volume fraction of 
methanol (fm) in the reaction solution kept increasing, the 740 nm and 520 nm 
peak gradually decreased in intensity and finally diminished with fm > 9% and 
15%, respectively. Meanwhile, a new peak at ~696 nm appeared with fm = 7% 
and became more and more prominent. The change in the UV-vis spectra of 
the reaction mixture as a function of fm suggests the solvent composition 
progressively alters the reaction pathways for the 520 nm and 740 nm species 
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Figure 4.4 Optical absorption spectra of the raw products in mixed solvents of 
water and methanol with different volume fractions of methanol (fm = 0  35). 
The inset in each panel is a digital photo of the reaction solution after 
removing the Au(I)-SR polymers by centrifuge. 
 
However, when fm further increases and exceeds 20%, the yield of ~696 
nm species will decrease, as suggested the increased amount of Au(I)-SR 





insets of Figure 4.4). The UV-vis spectrum of the supernatant also shows a 
lowered O.D. of the 696 nm peak. The decrease in yield of NC could be 
attributed to the poor solubility and thus a lower conversion of Au(I)-SR 
polymers with a larger fm in the reaction solution. When fm = 35%, no clusters 
were formed as no ~696 nm peak could be observed from the UV-vis 
spectrum. Therefore, an optimal fm = 20% was selected as a tradeoff of 
conversion of Au(I)-SR polymers and size selectivity in the final product. 
Table 4.2 The apparent dielectric constant as a function of volume fraction of 



























Methanol 32.35 0 80.37 0 80.37 0 80.37 
Ethanol 25.00 2.5 79.17 5 77.6 5 77.33 
Acetone 19.56 7 77.01 15 72.06 15 71.25 
Water 80.37 9 76.05 20 69.3 20 68.21 
  15 73.17     
  20 70.77     
  25 68.37     
  30 65.96     
  35 63.56     
 
An interesting question is how the methanol fraction controls the reaction 
pathway to form Au29(SG)20 NCs? Methanol is a polar protic solvent, and is 
miscible with water. It has a dielectric constant of 32.35, which is much 
smaller than that of pure water (80.37) (Table 4.2). When methanol and water 
are mixed together, the apparent dielectric constant of the mixed solvent will 
decrease. Based on the linear approximation of the dielectric constant of a 
mixed solvent, the apparent dielectric constant of the methanol-water system 
will decrease linearly as a function of the methanol content (e.g., 80.37 for 





in the apparent dielectric constant will lead to the lowered polarity of the 
mixed solvent, which will screen out the charge density of the Au(I)-SR 
polymers and disrupt the hydration layers of Au(I)-SR complexes (As the 
Au(I)-SR polymers can be viewed as polyelectrolytes due to the presence of 
several ionizable functional groups in GSH (2 COOH and 1 NH2). As a 
result, the Au(I)-SR polymers tend to aggregate and alter their size and 
structure. These Au(I)-SR polymers with specific size and structure bypass the 
preferential formation of Au25(SG)18, and lead to the high yield synthesis of 
Au29(SG)20 NCs. Nevertheless, a molecular level understanding of the 
dielectric constant of the mixed solvent on the size and structure of Au(I)-SR 
polymers is yet to be conducted in future studies. 
4.3.3 A General Method Applied to Other Binary Mixed Solvent 
Although the molecular level understanding of the solvent effect on the 
size and structure of Au(I)-SR polymers is currently unavailable, indirect 
supporting evidences comes from the synthesis of Au29(SG)20 NCs in other 
similar mixed solvent systems. Typical synthesis of Au29(SG)20 NCs was 
reproduced in other mixed solvents with a second solvent that is miscible with 
water and has a smaller dielectric constant. For example, a similar result could 
be obtained when experiments were carried out in ethanol (dielectric constant 
= 25) or acetone (dielectric constant = 19.56) solutions while other conditions 
were identical (i.e., R[GSH]/[Au] = 1.5, reaction time = 16 h). As shown in Figure 
4.5, a similar size evolution process could be observed when the ethanol or 
acetone content (fe or fa) increased from 0 to 20%. When fe or fa increases, the 
520 nm peak was suppressed and the 740 nm peak gradually shifted to the 
lower wavelength and finally stabilized at ~696 nm (V% = 20%), indicating 
the high yield synthesis of Au29(SG)20 NCs with V%= 20% in these two mixed 





































Figure 4.5 Optical spectra of the raw products synthesized in mixed solvent of 
(a) water and ethanol, and (b) water and acetone with different volume 
fraction of ethanol and acetone (fe and fa), respectively. 
 
4.4 Conclusions 
In summary, we presented here the scalable synthesis of metastable 
Au29(SG)20 NCs which was previously missing by using conventional methods 
of thermodynamic selection or size focusing. The key design of the current 
synthesis is to adjust the composition of mixed solvent in the CO-mediated 
synthesis to reach a desired polarity, at which point the reaction pathway is 
altered to preferentially produce Au29(SG)20 NCs. Polar protic solvents, such 
as methanol, ethanol and acetone, were found all capable to facilitate the 
kinetically controlled synthesis of Au29(SG)20 NCs. This study is interesting 
not only because it serves as a convenient way to produce metastable 
Au29(SG)20 NCs in large quantities, but also because it reveals some important 
insights on the solvent effect in size tailoring of Au NCs. The knowledge 
generated in this study may also be applicable for the synthesis of metastable 
Au NCs with other sizes in other reaction systems. 
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CHAPTER 5 LIGAND CONTROL IN CO-
MEDIATED SYNTHESIS OF ULTRASMALL 
GOLD NANOCLUSTERS 
5.1  Introduction 
Ligand-protected Au NCs typically adopt a core-shell structure(Yuan et al. 
2013), which consists of a gold core and a surface ligand shell (e.g., thiolates 
(Jin 2010, Jiang 2013), phosphines (Pettibone et al. 2011, Wan et al. 2012), 
dendrimers (Zheng et al. 2007), and proteins (Xie et al. 2009, Chaudhari et al. 
2011)). The core size and the shell composition are thus two key attributes 
determining the physiochemical properties of ligand-protected Au NCs. 
Generally speaking, the electronic structure, the optical and catalytic 
properties of ligand protected Au NCs are mainly determined by the core size, 
while the solubility property, chemical reactivity and binding affinity are 
largely relevant to the ligand shell. It is thus highly desirable to develop a 
versatile methodology that is capable to tailor not only the core size but also 
the surface properties of ligand-protected Au NCs. In previous chapters (e.g., 
Chapter 2-4), we have demonstrated the capability of CO-mediated synthesis 
to control the core size of Au NCs. In this chapter, we further present the 
capability of the CO-mediated synthesis to synthesize Au NCs protected by 
different ligands (thus with different surface properties).  
Our study to control the protecting ligands of Au NCs can be divided in 
two parts. In the first part, we demonstrate that we can manipulate the ligand 
composition of thiolate-protected Au NCs in two aspects (the chain length and 
functionalities of the thiolate ligands) while keeping the core size unvaried 
(Au25 as an example). In the second part, we further demonstrate that the CO-
mediated synthesis can be extended to synthesize protein-templated Au NCs. 
More interestingly, the core size of Au NCs inside the protein molecules can 
be controlled by tailoring the conformation of the templating protein. 






Hydrogen tetrachloroaurate hydrate (HAuCl4.3H2O), 3-mercaptopropionic 
acid (MPA), 4-mercaptobutyric acid (MBtA), 6-mercaptohexanic acid (MHA), 
L-cysteine (Cys), L-glutathione (GSH), bovine serum albumin (BSA) and 
sodium phosphate (anhydrous, monobasic, and dibasic) were purchased from 
Sigma-Aldrich. Carbon monoxide (CO, 99.9%) was purchased from Singapore 
Oxygen Air Liquide Pte Ltd (SOXAL). All chemicals were used as received. 
All glassware were washed with Aqua Regia (HCl:HNO3 volume ratio = 3:1), 
and rinsed with ethanol and ultrapure water. Ultrapure water with a specific 
resistance of 18.2 MΩ was used throughout the experiment. 
5.2.2 Material Synthesis 
5.2.2.1 Synthesis of Au25 NCs Protected by Different Thiolates 
The synthesis of Au25 protected by different thiolates is similar to the 
protocol used to synthesize cysteine-protected Au25, as shown in the 
Experimental Section of Chapter 2. Two different sets of thiols were selected 
as protecting ligands: (1) carboxylic group (COOH)-terminating thiols with 
different chain lengths (C3, C4, and C6); (2) thiols with different type and 
amount of functional groups (MPA with 1COOH, Cys with 1COOH and 
1NH2, and GSH with 2COOH and 1NH2). Typically, aqueous solution of 
specific thiol (R-SH, 0.15 mL, 50 mL) and HAuCl4 (0.25 mL, 20 mM) were 
added to 4.6 mL ultrapure water (R[RSH]/[Au] = 1.5:1) under vigorous stirring. 
Two minutes later, the pH of the reaction solution was brought to ~11 with 1 
M NaOH. Another two minutes later, the reaction mixture was bubbled with 1 
bar CO for two minutes and sealed tight. Then the reaction was allowed to 
proceed under gentle stirring (500 rpm) at room temperature for 24 h. 
5.2.2.2 Synthesis of BSA-protected Au NCs 
Synthesis of BSA-Aun (n = 4, 8, 10, 13) NCs. In a typical synthesis of 
BSA-Au NCs, 0.04 mM BSA solution was prepared in phosphate buffer (PB, 
100 mM, pH 7.4) in five 20-mL disposable glass vials. 5 mM HAuCl4 were 





8:1, 12:1, 24:1, and 47:1. The total volume of the reaction solution was 10 
mL. The reaction solutions were then saturated with 1 bar CO for 2 min and 
sealed airtight. The pale yellow solution gradually changed to brown in 5-30 
min (the solution color changed faster as the concentration of Au ions 
increased), indicating the formation of Au NCs. The reaction was allowed to 
proceed at room temperature for 12 h. The reaction solutions were then 
centrifuged at 14,000 rpm, and the supernatants were subjected to 
ultrafiltration using a Millipore cellulose membrane with a molecular-weight 
cut-off (MWCO) of 10 kDa. The final products were stored at 4 C for further 
characterizations.  
Synthesis of BSA-Au25 NCs. The synthesis of BSA-Au25 NCs is similar to 
that of BSA-Au13 NCs (the molar ratio of Au/BSA was kept as 24:1) except 
the phosphate buffer (pH 7.4) was replaced by a NaOH solution at pH 11. 
5.2.3 Materials Characterizations 
UV-vis spectra were recorded on a Shimadzu UV-1800 spectrometer. The 
matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass 
spectra were carried out on a Bruker Daltonics Autoflex II TOF/TOF system. 
The MALDI-TOF samples were prepared by mixing the samples (2 L) with 
the matrix solution [2 L, saturated 2, 5-dihydroxybenzoic acid (DHB) 
solution in 50% acetonitrile], followed by a recrystallization in air prior to the 
measurement. The data were collected in both linear positive and negative 
mode. Far-UV circular dichroism (CD) spectra were measured on a Jasco 
Model J-800 spectropolarimeter with a protein concentration of 0.0086 mM. 
The helical content was estimated from the mean residue ellipticity (MRE)  
at 222 nm according to the equation: % helix = (MRE222 – 4,000)/(33,000 – 
4,000)×100 (Chen et al. 1974). MRE was determined by MRE = /10nlCp, 
where  is the ellipticity directly obtained from the spectropolarimeter, n is the 
number of amino acid residues in BSA (583), l is the optical path length (cm), 






5.3 Results and Discussions 
5.3.1 Synthesis of Au25 NCs Protected by Different Thiolates 
Incorporation of functional groups (e.g., COOH, NH2, OH etc.) into 
the ligand shell is practically important to broaden the utility of thiolate-
protected Au NCs in a wide range of applications, such as bioconjugation, 
surface polymerization, chemical sensing, and biocatalysis (Daniel et al. 2003, 
Ackerson et al. 2006, Dong et al. 2008). Ligand substitution/exchange 
reactions (Shibu et al. 2008, Si et al. 2009, Knoppe et al. 2010) are the 
common practice to incorporate functionalities into the ligand shell of thiolate-
protected Au NCs, as most syntheses use non-functionalized alkanethiolates as 
protecting ligands (Brust et al. 1994, Toikkanen et al. 2008, Zhu et al. 2008). 
For example, an early work done by the Murray group (Hostetler et al. 1999) 
demonstrated that alkanethiolate-protected Au~314(SR)~108 NCs could be 
functionalized by ligand substitution/exchange reactions with a set of -
functionalized thiols. The Hutchison group (Woehrle et al. 2005) also reported 
to prepare functionalized thiolate-protected Au NCs with a wide variety of 
functionalities by applying thiol-etching with functionalized thiols to 
triphenylphosphine-stabilized Au NCs (~1.5 nm). However, one major 
problem of the ligand substitution/exchange reactions is the exchange reaction 
may not be completed even when the incoming thiols are in large excess and 
thus leads to uncontrollable ligand composition and ill-defined surface 
properties. Another problem is the poor controllability of ligand 
substitution/exchange reactions over the core size. Several studies have 
demonstrated that a core size change occurs after thiol-etching with either 
non-thiolate (Balasubramanian et al. 2005, Shichibu et al. 2005) or thiolate-
protected (Qian et al. 2009, Zeng et al. 2012) Au NCs. 
A more preferable way could be the direct synthesis of monodisperse Au 
NCs using functionalized thiols as precursors. To achieve this goal, one needs 
to consider the compatibility of these functionalized thiols with the adopted 
reaction conditions. Our CO-mediated method is typically carried out in 
aqueous solutions (or mixture of polar solvents as shown in Chapter 4), which 





Moreover, the solution pH can be adjusted to overcome the solubility issue of 
some less water-soluble thiols (e.g., cysteine or long-chained (COOH)-
terminating thiols). Therefore, a wide range of functionalized thiols can be 
used in our CO-mediated method to facilitate the synthesis of functionalized 
Au NCs.  
Thiolate-protected Au25 NCs was selected a model NC to demonstrate the 
versatility of the CO-mediated method to synthesize functionalized Au NCs. 
Water soluble Au25 NCs protected by glutathione (GSH) was first isolated by 
gel electrophoresis and identified with a mass of 10.4 kDa (Schaaff et al. 1998, 
Schaaff et al. 2000). Later studies using high resolution ESI-MS determined 
its formula to be Au25(SG)18 (Negishi et al. 2005). More recently, a size 
focusing strategy based on the extreme stability of Au25(SR)18 (Shichibu et al. 
2007, Dharmaratne et al. 2009) was implemented to synthesize high purity 
Au25 protected by both hydrophilic (Shichibu, Negishi et al. 2005) and 
hydrophobic (Wu et al. 2009) thiolates. Specifically, the single crystals of 
phenylethylthiolate-protected Au25 [Au25(PET)18] have been successfully 
grown, based on which the total structure of Au25(PET)18 has been resolved 
(Heaven et al. 2008, Zhu et al. 2008). The structure of Au25(PET)18 NCs 
consists an icosahedral core with thirteen Au atoms and six RS-[Au-SR]2 
staple motifs capped on the surface of the Au13 core. The Au25(PET)18 NCs 
shows a well-defined optical absorption spectrum with a major peak at ~670 
nm as well as several less prominent peaks (e.g., 400, 450, 500, 780 nm) (Zhu, 
Aikens et al. 2008, Zhu, Lanni et al. 2008). DFT calculations correlate the 
optical properties of Au25(PET)18 with its crystal structure and suggest these 
characteristic peaks originate from the intraband (spsp) and interband 
(spd) transitions (Zhu, Aikens et al. 2008). The optical absorption spectra of 
Au25 NCs protected by other thiolates are superimposable to that of 
Au25(PET)18 (Shichibu, Negishi et al. 2005, Parker et al. 2010, Parker et al. 
2010), although their total structure have not been resolved yet. Nevertheless, 
NMR studies (Wu et al. 2009) suggest Au25(SG)18 NCs also have two types of 
surface binding modes of thiolates and thus adopt the same core-shell structure 
as Au25(PET)18. Therefore, the optical absorption features can serve as 





Au25(SR)18 by different thiolates and the well-definedness of the optical 
absorption spectrum reflects the quality (purity) of the final product. Thus the 
optical absorption spectra are used here to confirm the formation of Au25 NCs.  
The synthesis of functionalized Au25 NCs is similar to the protocol used to 
synthesize cysteine-protected Au25 NCs (see Experimental Section for details). 
Two sets of thiols are used as protecting ligands. The first set comprises 
carboxylic group (COOH)-terminating thiols with different chain lengths (C3, 
C4, and C6). The second set comprises a small thiol with only one carboxylic 
group (MPA), a more complex thiol with one amino group and one carboxylic 
group (cys), and an even more complex (also the largest of the three) thiol 
with two carboxylic groups and one amino groups (GSH). These different 
functional groups may render the resultant Au NCs with different application 
purposes. For example, the carboxylic group has binding ability to metal ions 
and thus can be used for sensing and device fabrications. The amino group is 




























Figure 5.1 (a) Schematic illustrations and (b) corresponding UV-vis spectra of 
Au25 protected by (i) 3-mercaptopropionic acid (MPA), (ii) 4-mercaptobutyric 






Figure 5.1 shows the UV-vis spectra of Au25 NCs protected by (i) 3-
mercaptopropionic acid (MPA), (ii) 4-mercaptobutyric acid (MBtA), and (iii) 
6-mercaptohexanic acid (MHA). These three thiols have one end carboxylic 
group in common but differ in the hydrocarbon chain length (C3, C4, and C6) 
(Figure 5.1a). The Au NCs protected by MPA, MBtA, and MHA all show 
very well-defined optical spectra with characteristic peaks at 400, 450, 500, 






























Figure 5.2 (a) Schematic illustrations and (b) corresponding UV-vis spectra of 
Au25 protected by (i) 3-mercaptopropionic acid (MPA), (ii) L-cysteine, and (iii) 
L-glutathione. 
 
Besides the chain lengths, the functional groups of the thiolate ligands are 
also easily designable. As shown in Figure 5.2a, three different thiols with 
different amount and types of functional groups are used to demonstrate the 
ligand control in the synthesis of Au25 NCs. Among all three thiols, MPA is 
the smallest one and has only one carboxylic group. Cysteine is more complex 
than MPA and has two functional groups (one carboxylic group and one 
amino group). GSH is the most bulky and complex thiol (among the three) 





differ in amount and types of functional groups, they all can be used as 
protecting ligands to produce high quality Au25 NCs. The formation of high 
quality Au25 NCs protected by the three different thiolates is confirmed by 
their corresponding UV-vis spectra (Figure 5.2b). As aforementioned, these 
Au25 NCs with different functionalities can find various potential applications 
and thus greatly broaden the utility of Au25 NCs. Other than Au25 with 
different functionalities, we have also demonstrated in Chapter 3 that Au15 and 
Au18 protected by two different thiols (MPA and GSH) could be synthesized 
via the CO-mediated method, which further justifies the capability of CO-
mediated synthesis in ligand control of thiolate-protected Au NCs. 
5.3.2 Tailoring the Protein Conformation to Synthesize Different-Sized 
Au NCs 
Among various biomolecules that have been used to direct the synthesis of 
Au NCs, proteins are particularly attractive as they not only serve as templates 
for the NC growth but also impart bioactivity to the as-synthesized Au NCs. A 
variety of proteins have been used to direct the synthesis of Au NCs (Xie, 
Zheng et al. 2009, Liu et al. 2011, Chen et al. 2012). In a typical protein-
directed synthesis, a certain amount of Au ions are first encapsulated by the 
proteins, which are subsequently reduced either by a strong reducing agent 
(e.g., NaBH4) or by the reductive functional groups in proteins which are 
typically activated by increasing the solution pH to alkaline (e.g., ~11) (Xie, 
Zheng et al. 2009). However, the harsh reaction conditions (e.g., strong 
reducing agent NaBH4 and high solution pH ~11) involved in these processes 
often led to an irreversible conformation change of the proteins (Kuramitsu et 
al. 1979, Gao et al. 2002). A milder synthetic method is therefore required to 
preserve the structure of the proteins in the protein-directed approach. This 
feature is particularly desirable if the bioactivity of the proteins in the final NC 
product needs to be implemented. In addition, it has been demonstrated that 
different proteins may lead to the formation of different-sized Au NCs, where 
the protein sequence and conformation is a key factor for the size control of 
the NCs (Xie, Zheng et al. 2009, Chen and Tseng 2012). Therefore we 
hypothesized that it is possible to synthesize Au NCs with different sizes by 





To prove this hypothesis, a commercially available protein, bovine serum 
albumin (BSA), was chosen as our biomolecule model. BSA has a molecular 
weight of 66.5 kDa and adopts a well-known three-level structure (Carter et al. 
1994). Its primary structure is a polypeptide chain consisting of 583 amino 
acid residues and its secondary structure has a high percentage of -helix (50-
60%). The tertiary structure of BSA contains three homologous domains that 
are divided into nine loops via 17 disulfide bonds formed by the 35 cysteine 
residues in BSA. The conformation of BSA in aqueous solutions changes 
according to the solution pH (Xie et al. 2007). Five isomeric forms have been 
identified as the solution pH changes from acid to alkaline: E form (pH < 2.7), 
F form (pH 2.7 – 4.3), N form (pH 4.3 – 8), B form (pH 8 – 10), and A form 
(pH > 10). Different conformations of BSA may help synthesize Au NCs with 
different sizes. 
Here we present a new synthesis protocol to control the core size of Au 
NCs by tailoring the conformation of proteins. Different reaction conditions 
(Figure 5.3) were used to produce Au NCs with different sizes inside BSA 
(hereafter referred to as BSA-Aun, where n is the number of Au atoms per 
cluster). In particular, a phosphate buffer (PB) at physiological pH 7.4 was 
used to preserve the native structure of BSA, where one Au NC species with 
13 Au atoms (BSA-Au13) was synthesized if the molar ratio of Au/BSA was 
24. By comparison, under an alkaline pH (~11), the conformation of BSA 
changed to a different form, and one Au NC species with 25 Au atoms (BSA-
Au25) was preferentially formed (the other reaction conditions were the same 
as that in the synthesis of BSA-Au13). In addition, the structure of BSA can be 
fine-tuned by varying the molar ratio of Au/BSA and using PB as the solvent, 







Figure 5.3 Schematic illustration of the formation of BSA-Au NCs with 
different sizes in a CO-assisted BSA-directed method. 
 
Figure 5.4 compares the size and optical properties of BSA-Au NCs 
synthesized by BSA with different conformations. The UV-vis spectrum of 
BSA-Au NCs synthesized at pH 7.4 (Figure 5.4a, red line) shows a featureless 
and stepwise decaying feature, which indicates the successful synthesis of Au 
NCs. In contrast, pure BSA is transparent in the visible region (Figure 5.4a, 
black line). Comparing the molecular weight of the BSA-Au NCs (Figure 5.4b, 
red line) with that of pure BSA (black line) gives a mass difference of ~2.6 
kDa, which indicates that the BSA-Au NCs have a core of ~13 Au atoms. 
When the conformation of BSA was tailored by varying the solution pH, Au 
NCs of distinct core sizes, such as BSA-Au25 and BSA-Au13, were 
successfully synthesized at pH 11 and 7.4, respectively. The UV-vis spectra 
and the solution color of the two BSA-Au NC samples are shown in Figure 
5.4a. The mass spectrometric analysis (Figure 5.4b, blue line) reveals that the 




























































































Figure 5.4 (a) UV-vis, (b) MALDI-TOF, and (c) far-UV CD spectra, and (d) 
calculated α-helix content of BSA (black), BSA-Au13 (red), and BSA-Au25 
(blue). The inset in (a) are digital photos of BSA-Au13 (item no.1) and BSA-
Au25 (item no.2). 
 
To better understand the correlation of the BSA conformation to the core 
size of as-synthesized Au NCs, far-UV circular dichroism (CD, Figure 5.4c) 
was used to probe the conformation of pure BSA and those BSA in the two 
BSA-Au NCs synthesized at pH 7.4 and 11. The peptide bond of BSA is 
asymmetric and can thus show the phenomenon of circular dichroism. The CD 
spectrum of BSA shows two negative bands at 208 and 222 nm, which arises 
from * and n* transitions of the amide bonds and are characteristic of 
the -helical structure. By comparing the mean residue molar ellipticity of 
denatured proteins with native proteins, the amount of -helical structure that 
has been destroyed can be estimated and therefore the intactness of the protein 
conformation can be evaluated (see more details in Section 5.2.3). Figure 5.4d 
shows the -helix content of the two different BSA-Au NC samples calculated 
from their CD spectra, where 36.8% and 18.2% of -helix were observed for 
BSA-Au13 (red) and BSA-Au25 (blue), respectively. The different -helix 
content reflects the different conformations of BSA in BSA-Au13 and BSA-
Au25, which was caused by their different synthetic conditions. The BSA 
conformation further dictates the possible amount of Au atoms that could be 





The native structure of BSA in PB buffer can be further fine-tuned to 
control the core size of the BSA-Au NCs. For example, when the initial molar 
ratio of Au/BSA was reduced from 24:1 to 5:1 (the other experimental 
conditions were the same), the size of the resultant Au NCs was reduced from 
13 to 4. As shown in Figure 5.5a, all the BSA-Au NCs synthesized by a lower 
ratio of Au/BSA (e.g., 5, 8, and 12) are brown in solution and show a 
characteristic absorption spectrum of Au NCs. MALDI-TOF mass spectra in 
Figure 5.5b determine the formula of these three Au NCs to be BSA-Au4, 
BSA-Au8, and BSA-Au10, respectively. The -helix content of the resultant 
BSA-Aun NCs (n = 4, 8, and 10) was determined to be 49.3%, 44.7%, and 
43.7%, respectively (Figure 5.5c and 5.5d). The different -helix content 
implies that the conformations of BSA in these three BSA-Au NC samples are 
slightly different. It should be mentioned that all these BSA-Au NCs were 
synthesized in PB buffer at pH 7.4. The protein conformation change in these 
NC samples was due to the different amount of Au ions introduced into the 
reaction solutions, which could affect the conformation of BSA. The more Au 
ions are introduced, the greater extent of the BSA conformation will be 
affected because more Au atoms need to be accommodated inside a protein 
molecule. However, the maximum number of Au atoms that can be 
encapsulated inside one BSA molecule at pH 7.4 was 13 even when a high 
molar ratio of Au/BSA (e.g., 47:1, Figure 5.6) was applied. This data suggests 
that the conformation of BSA is mainly controlled by the solution pH, and the 
amount of Au ions introduced to the reaction solution only slightly affects the 
































































































Figure 5.5 (a) UV-vis, (b) MALDI-TOF, (c) far-UV CD spectra, and (d) 
calculated α-helix content of BSA (black), BSA-Au4 (red), BSA-Au8 (blue), 
and BSA-Au10 (magenta). The inset in (a) are digital photos of BSA-Au4 (item 
no.1), BSA-Au8 (item no.2), and BSA-Au10 (item no.3). 






























































Figure 5.6 (a) UV-vis, (b) MALDI-TOF, and (c) far-UV CD spectra of pure 
BSA (black) and BSA-Au NCs synthesized with an initial Au/BSA ratio of 
47:1 (red). The inset in (a) is a digital photo of as-synthesized BSA-Au NCs, 
and the inset in (d) is the calculated α-helix content of the NCs. 
 
We have shown the decision role of BSA conformation on the core size of 
as-synthesized BSA-Au NCs. However, why BSA-Au NCs with a specific 





still not clear. It could be understood from the intriguing stability of Au NCs 
with specific sizes. Recently, a unified view of Au NCs as a “superatom” and 
an electron shell closure model has been proposed to interpret the exceptional 
stability of Au NCs with specific sizes (Walter et al. 2008). If the total valence 
electron count of the “superatom” resembles that of a noble gas, the 
corresponding Au NCs is regarded as a stable species. This model well 
explains the stability of Au25(SR)18

 (total electron count of 8) (Akola et al. 
2008) and Au102(SR)44 (total electron count of 58) (Jadzinsky et al. 2007), and 
it is a good principle to predict the stability of Au NCs in solution even 
without the total structure information of the NCs. According to the superatom 
model, the good stability of BSA-Au8 and BSA-Au10 could be attributed to an 
8e configuration. Similarly, due to its half-closed electron shell (4e), BSA-Au4 
is also stable in solution. The stability of Au13 is also expected owing to its 
full-shell structure in geometry (Schmid 2008). In addition, it should be noted 
that Au13 is the kernel of the well-known Au25(SR)18 NCs (Heaven, Dass et al. 
2008, Zhu, Aikens et al. 2008), and Au8 (Zheng et al. 2003, Duan et al. 2007) 
is also commonly observed in some polymer-protected Au NCs. 
The understanding of the formation process of BSA-Au NCs at molecular 
level is currently unavailable. Nevertheless, some critical experimental 
conditions for the formation of BSA-Au NCs were identified. The synthesis of 
BSA-Au13 (with an initial Au/BSA ratio of 24:1) was used for the 
demonstration, where the synergistic effects of the templated protein (BSA), 
reducing agent (CO), and solvent (PB) are indispensible. In the absence of 
BSA, a quick coalescence of small Au NPs was observed as they were not 
well-protected (Figure 5.7a). In the absence of CO, no Au NCs were formed 
although the other experimental conditions kept as the same (Figure 5.7b). If 
PB was absent, only large Au NPs with a characteristic surface plasmon 
resonance (SPR) (Guo et al. 2012, Liu et al. 2012, Huang et al. 2013) peak at 





















































Figure 5.7 UV-vis spectra and digital photos (inset) of the reaction solutions 
in the absence of (a) BSA, (b) CO (b), and (c) PB. The dash line in (b) and (c) 
is the UV-vis spectrum of BSA-Au13 NCs synthesized in PB at pH 7.4. The 




In conclusion, the CO-mediated method is versatile in ligand control in the 
synthesis of Au NCs. This versatility was first demonstrated in the synthesis of 
Au25 NCs with different functionalities. Two sets of thiol ligands, one with a 
terminal carboxylic group but different hydrocarbon chain lengths (C3, C4, and 
C6), the other with different amount and types of functional groups (MPA with 
1COOH, Cys with 1COOH and 1NH2, and GSH with 2COOH and 
1NH2), were used as protecting agents to produce high quality Au25 NCs. 
The great flexibility in control of the chain length and functionality (also 
charge) can largely broaden the utility of thiolate-protected Au NCs. Besides 
incorporating different functionalities into the ligand shell of thiolate-protected 
Au NCs, the CO-mediated synthesis can also be extended to synthesize 
protein-templated Au NCs. More importantly, different-sized Au NCs were 
synthesized by tailoring the conformation of BSA. The core size of as-





where the native BSA at pH 7.4 produced Au NCs with a maximal 13 Au 
atoms while the denatured BSA at pH 11 led to the formation of Au NCs with 
25 Au atoms. The conformation of BSA in its native form could further be 
fine-tuned by varying the molar ratio of Au/BSA. BSA-Au NCs with discrete 
core sizes of 4, 8, and 10 Au atoms were successfully synthesized when the 
molar ratio of Au/BSA was 5:1, 8:1, and 12:1, respectively. 
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CHAPTER 6 CO-MEDIATED SYNTHESIS 
OF RED-EMITTING Au22 NANOCLUSTERS 
PROTECTED BY EIGHTEEN THIOLATE 
LIGANDS 
6.1 Introduction 
Thiolate-protected gold nanoclusters (Au NCs) are emerging as a new 
direction of nanomaterials research due to their unique properties (e.g., 
molecular-like absorption and emission) (Wang et al. 2006, Li et al. 2008, 
Walter et al. 2008, Zhu et al. 2008, Wu et al. 2010) that are intermediate 
between isolated Au atoms and crystalline Au nanoparticles (Burda et al. 2005, 
Eustis et al. 2006, Yang et al. 2009). Thiolate-protected Au NCs are typically 
smaller than 2 nm in core and protected by a certain type of thiolate ligands, 
and they can thus be denoted as Aun(SR)m where Au is gold, SR is the 
thiolate, n and m are specific integers. Because of the extremely strong 
quantization of electron energy (Jin 2010) and Au-SR interactions (Hakkinen 
2012) in this ultrasmall size regime (<2 nm), the physiochemical properties of 
Aun(SR)m NCs are highly sensitive to the number of n and m. Even one Au or 
thiolate difference can anticipate a huge difference in their physiochemical 
properties.  
In this chapter, we present such an example with an unprecedented, 
ubiquitous species consisting of 22 Au atoms and 18 –SG thiolates (H-SG 
denotes glutathione). The formula of Au22(SG)18 was unambiguously 
determined by isotope-resolved mass spectrometry. The Au22(SG)18 cluster 
has the same amount of thiolates as the well-known Au25(SR)18 NCs (Akola et 
al. 2008, Heaven et al. 2008, Zhu, Aikens et al. 2008, Parker et al. 2010) but 
different amount of Au atoms in the core. And it has the same amount of Au 
atoms as previously reported Au22(SG)16 or Au22(SG)17 NCs but different 
amount of thiolates. Correspondingly, the properties of the Au22(SG)18 NCs 
are largely different from those of Au25(SG)18, Au22(SG)16, and Au22(SG)17 





optical absorption spectrum with characteristic peaks at 450 and 515 nm. 
Moreover, it shows very intense red emission (em = 665 nm, QY of 8%) 
while the other three are non-luminescent. It is worth noting that the 
Au22(SG)18 cluster is the first reported strongly luminescent (e.g., QY > 5%) 
thiolate-protected Au NCs with a precise molecular composition. In addition, 
the phosphorescence nature of the Au22(SG)18 cluster, e.g., a large Stokes shift 
(145 nm) from the PL spectra, microsecond scale lifetime, and a very high 
content of thiolates (0.82), strongly suggests its aggregation-induced-emission 
(AIE) origin (Luo et al. 2012) as well as the presence of unusually small Au 
core and longer staple motifs. A core-shell model in which a prolate Au8 core 
is covered by two trimer (RS-[Au-SR]3) and two tetramer (RS-[Au-SR]4) 
motifs was therefore proposed for the Au22(SG)18 cluster. The predicted 
structure was further confirmed by Density Functional Theory (DFT) 
calculations and X-ray absorption fine structure (XAFS) analysis.  
 
6.2 Experimental Section 
6.2.1 Chemicals 
Hydrogen tetrachloroaurate (III) hydrate (HAuCl4.3H2O) and L-
glutathione (GSH) was purchased from Sigma-Aldrich; carbon monoxide (CO, 
99.9%) was purchased from Singapore Oxygen Air Liquide Pte Ltd (SOXAL); 
and all other chemicals were used as received. All glassware were washed 
with Aqua Regia (HCl:HNO3 volume ratio = 3:1), and rinsed with ethanol and 
copious ultrapure water. Ultrapure water with a specific resistance of 18.2 MΩ 
was used throughout the experiment. 
6.2.2 Material Synthesis 
The red-emitting Au NCs was synthesized using a previously reported, 
CO-mediated method with modifications. In a typical synthesis, aqueous 
solutions of HAuCl4 (0.25 mL, 20 mM) and GSH (0.15 mL, 50 mM) were 
added to a 20-mL glass vial containing 4.6 mL of ultrapure water. After 2 min 
of vigorous stirring, a certain amount of 1 M NaOH was introduced to the 





through the reaction solution for 2 min, after which the solution was sealed 
airtight and stirred at 500 rpm at room temperature. After 0.5 h, the remaining 
CO was released and the solution pH was adjusted to ~2.5 with a certain 
amount of 1 M HCl. The reaction solution was then sealed airtight and aged 
for another 23.5 h to produce red-emitting Au NCs. The raw products were 
dialyzed using a Fisher dialysis tubing with MWCO of 6  8 kDa against 
ultrapure water for 24 h with a water change every eight hours. Aun(SG)m 
clusters were synthesized using a previous protocol (Negishi, Nobusada et al. 
2005). 
6.2.3 Materials Characterizations 
UV-vis spectra and photoluminescence (PL) spectra were recorded on a 
Shimadzu UV-1800 spectrometer and a PerkinElmer LS-55 fluorescence 
spectrometer, respectively. The silt width was set as 5 nm for both 
photoemission and photoexcitation measurements. Photoluminescence 
lifetimes were measured by time-correlated single-photon counting (TCSPC) 
on a Horiba Jobin Yvon Fluorolog-3 spectrofluorometer with a pulsed light-
emitting diode (LED) (483 nm, pulse duration <1 ns) as the excitation source. 





) where m is the slope of the line obtained from the plot 
of the integrated fluorescence intensity vs. absorbance, n is the refractive 
index of solvent and the subscript R refers to the reference fluorophore of 
known quantum yield (Rhodamine 6G in this study). The electrospray 
ionization time-of-flight (ESI-TOF) mass spectra were obtained on a Bruker 
MicroTOF-Q system. The samples were injected directly into the chamber at 
120 µLmin-1. Typical instrument parameters: capillary voltage, 4 kV; 
nebulizer, 0.4 bars; dry gas, 2 L∙min-1 at 120 C; m/z range, 100 – 4000. 
Transmission electron microscopy (TEM) images were taken on a JEOL JEM-
2010 microscope operating at 200 kV. X-ray photoelectron spectroscopy 
(XPS) measurements were performed on a VG ESCALAB MKII 
spectrometer. 





Native polyacrylamide gel electrophoresis (PAGE) was carried out on a 
Bio-Rad Mini-PROTEAN® Tetra Cell or PROTEAN® II xi Cell system. 
Stacking and resolving gels were prepared from 4 and 30 wt % acrylamide 
monomers, respectively. For analytical purpose, a gel slab in the size of 1.5 × 
83 × 73 mm was used. Sample solutions (10 μL of Au NCs with ~6 mM Au in 
8 vol % glycerol) were loaded into five wells of the stacking gel. The 
electrophoresis was allowed to run for ∼4 h at a constant voltage of 150 V at 
4 °C. For preparative purpose, a gel slab in the size of 1× 200 × 200 mm and 
without lanes was used. Sample solutions (2 mL of Au NCs with ∼6 mM Au 
in 8 vol % glycerol) were loaded into the wells. The electrophoresis was 
allowed to run for ∼12 h at a constant current of ~24 mA at 2 °C. The bands 
containing different sized Au NCs were then cut, crushed and soaked in 
ultrapure water. The resultant solutions were filtered with 0.2 m filter and 
concentrated using a Millipore cellulose membrane with MWCO of 3, 000 Da. 
The yield of each individual species on the basis of Au atoms was measured 
on an Agilent 7500A ICP-MS system. 
6.2.5 Computational Methods 
All calculations were performed with the quantum chemistry program 
Turbomole V6.5 (Ahlrichs et al. 1989). Initial exploratory structural 
optimization of Au22(SCH3)18 isomers was done by parallel, resolution-of-
identity density functional theory (DFT) calculations with the TPSS (Tao, 
Perdew, Staroverov, and Scuseria) functional (Tao et al. 2003) for electron 
exchange and correlation and the def2-SV(P) basis sets. Finer geometry 
optimization and calculation of energetics were then done with TPSS 
functional and the def2-TZVP basis sets. Effective core potentials which have 
19 valence electrons and include scalar relativistic corrections were used for 
Au (Andrae et al. 1990). Time-dependent DFT calculation of the optical 
spectrum was done with the PBE0 functional with the def2-SV(P) basis sets; 
all transitions together with their strengths were then convoluted with a 







6.3 Results and Discussions 
6.3.1 Synthesis of Red-Emitting Au NCs 
The red-emitting Au NCs was synthesized in a previously reported CO-
mediated method with modifications (see the Experimental Section for details) 
(Yu et al. 2012). The mild reduction environment created by a CO blanket has 
shown its versatility in scalable and precise synthesis of thiolate-protected Au 
NCs in our previous studies (Yu et al. 2013). In a typical synthesis, aqueous 
solutions of HAuCl4 (0.25 mL, 20 mM) and GSH (0.15 mL, 50 mM) were 
added into a 20-mL disposable glass vial containing 4.6 ml ultrapure water 
under vigorous stirring. Two minutes later, the solution pH was adjusted to 11 
by NaOH. After that, the mixture was bubbled with 1 bar CO for another two 
minutes, sealed airtight, and reacted for ~0.5 h. Then the un-reacted CO was 
released and the solution pH was adjusted to ~2.5 by HCl. A further 
incubation of ~23.5 h led to a strongly red-emitting Au NCs. The raw product 
was brown with an orange tint (Figure 6.1, item 1). It gave an intense red 
emission under UV light (365 nm) irradiation (Figure 6.1, item 2). The optical 
absorption spectrum of the raw product shows two distinct peaks at 450 and 
515 nm (Figure 6.1, black). The photolumimnescence spectrum of the raw 
product shows maximum excitation and emission at 520 nm and 665 nm, 
respectively.  






















Figure 6.1 UV-vis absorption (black curve), photoemission (red curve, ex = 
520 nm), and photoexcitation (blue curve, em = 665 nm) spectra of the raw 
red-emitting Au NCs. (Insets) Digital photos of the raw sample dissolved in 
water under (1)visible and (2) UV light. 
 





The raw product was further purified by PAGE. Four species, notably no 
larger than Au25(SG)18 NCs and with a narrow size distribution (Figure 6.2b), 
were isolated. The yellowish and the greenish brown bands were identified as 
Au15(SG)13(Figure 6.2b, band 1) and Au18(SG)14(Figure 6.2b, band 2) 
according to their optical absorption features (Figure 6.2c). The third band 
showed two less prominent absorption peaks at 440 and 480 nm (Figure 
6.2c) and could be an intermediate species between Au18(SG)14 and the red-
emitting species (Figure 6.2b). We have tried to determine the molecular 
formula of this intermediate NC but only obtained the signal of Au18(SG)14, 
probably due to its instability under ESI conditions. The fourth orange band 
was the red-emitting species. The typical yield of the red-emitting species is 
32.6% (Au atom basis) according to ICP-MS measurements (the yield of other 
species was summarized in Figure 6.2a). 




























Figure 6.2 (a) Summary of formula and yield of the four species separated 
from the raw sample by PAGE. (b) A typical PAGE image of the red-emitting 
Au NCs under (i) visible, and (ii) UV light. (c) UV-vis absorption spectra of 
the species in band 1  3. 
 
This ubiquitous species (Figure 6.3a and b, band 1) has the same 
electrophoretic mobility with the well-known Au25(SG)18 NCs (Figure 6.3a 
and b, band 2), indicating that they have a very close mass-to-charge ratio. 





a major absorption peak at 670 nm and several less prominent peaks at 400, 
445, 495, 555, and 780 nm (Figure 6.3c, blue); while this species has two 
distinct absorption peaks at 450 and 515 nm (Figure 6.3c, red). More 
interestingly, this species shows intense red-emission at ~665 nm (QY = 8%, 
calibrated with Rhodamine 6G) when excited at 520 nm, while Au25(SG)18 
NCs exhibits a weak emission peak at ~705 nm when excited at the same 
wavelength (the insets in Figure 6.3d are digital photos of the two species 
dissolved in water under irradiation of a 365 nm UV lamp). 






































Figure 6.3 (a, b) PAGE images of (A) Aun(SG)m (n = 10  39) NCs and (B) 
red-emitting Au NCs under (a) visible light and (b) UV light. (c) Comparison 
of UV-vis absorption spectra of red-emitting species (red curve) and 
Au25(SG)18 NCs (blue curve). Insets are digital photos of the red-emitting 
species (1) and Au25(SG)18 NCs (2) under visible light. (d) Photoemission 
spectra of the red-emitting species (red curve) and Au25(SG)18 NCs (blue 
curve) (exc = 520 nm), and the photo excitation spectra of the red-emitting 
species (blue curve, em = 665 nm). Insets are digital photos of the red-
emitting species (1) and Au25(SG)18 NCs (2) under UV light. 
 
ESI-MS was used to determine the molecular composition of the red-
emitting species. As shown in Figure 6.4a, there is only one set of intense 
peaks presented in m/z range of 1200-3000. The base peak was observed at 
m/z 1968.47 in the zoomed-in spectrum (Figure 6.4b, peak 1). Isotope pattern 
analysis (Figure 6.4c, black curve  experimental, red curve  simulated) of 
the base peak indicates the ionized species carries five negative charges 
(isotope peak spacing = 0.2). Therefore, the molecular weight of the 
corresponding ion could be determined as 9842.35 Da, in good accordance 
with molecular formula of [Au22(SG)18  5H]
5
 (molecular weight of 9841.6 





similar but less intense peaks (set a: 2 and 3; set b: 1’3’, Figure 6.4b) which 
can also be assigned as Au22(SG)18 in different ionization forms. Note that the 
asterisk is a Au18(SG)14 fragment due to the loss of a common Au4(SR)4 which 
has been frequently observed in several previous studies(Simpson et al. 2010). 
A m/z difference of 7.58 was observed between peak 1, 2, and 3, which is 
attributable to H
+
 dissociation and K
+ 
coordination [H + K] (7.58  5 = 38). 
Therefore, the two ionized species represented by 2 and 3 can be assigned as 
[Au22SG18  6H + K]
5
 (peak 2) and [Au22SG18  7H + 2K]
5
 (peak 3), 
respectively. Peak 1’ has a m/z difference of 4.4 with respect to peak 1, which 
could be attributed to H
+
 dissociation and Na
+ 
coordination [H + Na] (4.4  5 
= 22). The m/z difference between 1’, 2’, and 3’ is also 7.58, which could be 
attributed to H
+
 dissociation and K
+ 
coordination [H + K], too. The ionized 
species represented by 1’  3’ could thus be assigned as [Au22SG18  6H + 
Na]
5(1’), [Au22SG18  7H + Na + K]
5(2’), and [Au22SG18  8H + Na + 2K]
5
(3’), repetitively. The isotope pattern analyses of these ionized species (2 and 
3, 1’  3’) are shown in Figure 6.5. On the basis of ESI-MS analysis, the 
molecular composition of the red-emitting species can thus be assigned as 
Au22(SG)18 unambiguously. The fact that with only three Au atoms difference 
but the same thiolates as Au25(SG)18 explains why Au22(SG)18  has a 
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Figure 6.4 Progressively (a  c) zoomed-in ESI-MS spectra (in negative ion 
mode) of the PAGE separated red-emitting Au NCs. The asterisk peak in (b) 
represents a [Au18(SG)14 4H]
4
 fragment. The red curve in (c) is the 
simulated isotope pattern of peak 1 ([Au22(SG)18  5H]
5
) in (b). 
 
It should be mentioned that the Au22(SG)18 NCs reported here is a 
completely new species compared to the other two atomically precise Au22 
NCs isolated by PAGE in a previous study. The previously reported 
Au22(SG)16 and Au22(SG)17 showed absorption peaks at 560 and 540 nm, 
respectively (Negishi, Nobusada et al. 2005). In addition, both emitted at 
wavelengths above 720 nm and none of their quantum yield exceeded 1%. In 
comparison, the absorption peak of Au22(SG)18 NCs was blue-shifted to 515 
nm with respect to that of Au22(SG)16 and Au22(SG)17, which is consistent with 
the trend observed for Au22(SG)16 and Au22(SG)17 that an increase in only one 
thiolate ligand would lead to a large blue-shift (20 nm) in absorption peak, 
corroborating with the pronounced influence of surface ligands on the 


















Figure 6.5 Observed (black curves) and simulated (red curves) isotope 
patterns of peaks 2 and 3, 1’ – 3’ in Figure 6.4b. 
 
6.3.3 The Fluorescence Origin of Au22(SG)18 NCs 
The molecular composition of Au22(SG)18 suggests a significantly high 
contribution of Au(I) components, which was also confirmed by XPS analysis. 
As shown in Figure 6.6, the oxidation states of Au22SG18 (black curve) was 
observed to lie in between those of Au(0) foil (red curve) and Au(I)-SG 
complexes (blue curve). Then the Au4f spectrum of Au22SG18 was further 
deconvoluted into Au(0) and Au(I) components with binding energies of 83.9 
and 84.3 eV, respectively. The Au(I) component was therefore estimated to 
constitute 67% of all Au atoms in Au22SG18 NCs. The photoluminescence 
lifetime measurements of Au22(SG)18 NCs also suggests the great contribution 
of Au(I) component. Fitting of the photoluminescence decay profiles revealed 
that the predominant components of lifetime were in microsecond scale [1.37 
s (57.4%) and 0.46 s (35.4%), Figure 6.7], which is similar to our 
previously reported orange-emitting Au NCs (Table 6.1). The similarity in 
lifetime between the Au22(SG)18 NCs and the orange emitting Au NCs 
together with a large contribution of Au(I) component suggests that the 
photoemission of Au22(SG)18 NCs may also originate from the aggregation of 






















Binding energy (eV)  
Figure 6.6 Au 4f XPS spectra of Au film (red curve), Au22(SG)18 NCs (black 
curve), and Au(I)-SR complexes (blue curve, prepared by mixing GSH and 

























t1 = 5.7 ns,      1.2%
t2 = 80 ns,       6.0%
t3 = 463 ns,   35.4%













Time (us)  
Figure 6.7 Photoluminescence decay profiles of Au22(SG)18 NCs dissolved in 
water. The upper portion is a tetra-exponential fit of the experimental data, and 
the lower portion shows the residuals of fitting. 
Table 6.1 Summary of lifetimes of Au22(SG)18 NCs (λem = 665 nm, λex = 520 
nm) and a previously reported orange-emitting Au NCs (λem = 610 nm, λex = 
344 nm) (Luo, Yuan et al. 2012). 
Sample 1 (ns) 
(Rel. Ampl) 






























The structure information of thiolate-protected Au NCs is the key to 
understand their physiochemical properties, e.g., their magic stability. 
However, the total structure determination of Au22(SG)18 NCs still await 
successful growth of single crystals for X-ray diffraction (which has been 
proved a great challenge). Nevertheless, we tried to understand the geometric 
structure of Au22(SG)18 based on previous structural studies of thiolate-
protected Au NCs (experimentally and theoretically). In order to interpret the 
magic stability of thiolate-protected Au NCs, Häkkinen et al. proposed a 
“divide and protect” concept in which the thiolate-protected Au NCs could be 
partitioned into a Au(0) core and RS[Au(SR)]x (x = 1, 2, 3…) staple motifs 
(Häkkinen et al. 2006, Walter, Akola et al. 2008). The breakthrough in 
experimentally determining the total structure of Au102(p-MBA) (p-MBA 
represents 4-mercaptobenzoic acid) in 2007 confirmed the existence of 
RS[Au(SR)]x (x = 1 and 2) motifs in thiolate-protected Au NCs (Jadzinsky et 
al. 2007). Soon after that, the structure of Au25(SR)18 NCs predicted by Akola 
et al. (Akola, Walter et al. 2008) turned out to match well with the 
experimental observations of two other independent groups (Heaven, Dass et 
al. 2008, Zhu, Aikens et al. 2008), which verifies the application of the “divide 
and protect” concept and density function theory (DFT) calculations as a 
powerful tool to predict the structure of thiolate-protected Au NCs. Recently, 
Tsukuda et al. deduced that as the Au core decreases, longer motifs 
(RS[Au(SR)]2) would dominate (Chaki et al. 2008). More recently, Jiang et al. 
extended Tsukuda’s principle to Au NCs smaller than Au25(SR)18 NCs. Jiang 
et al. proposed, as the Au core kept decreasing (corresponding to a larger 
R[SR]/[Au]), combinations of an even smaller Au (0) core and longer motifs (i.e., 
RS[Au(SR)]x with x3) would emerge (Jiang et al. 2009). By applying the 
above criteria, the structure information of a wide range of thiolate-protected 
Au NCs have been obtained (Table 6.2).  
We predicted the structure of Au22(SG)18 NCs with the “divide and 
protect” concept as guiding principle and proposed some possible 
combinations of core and staple motifs (Table 6.2). As the Au22(SG)18 NCs 
has a large R[SR]/[Au] (0.82) and high proportion of Au(I) components (vide 





expected. Our first attempt to predict the structure of Au22(SG)18 NCs was to 
guess the most reasonable size and geometry of the Au(0) core. Note that a 
prolate Au8 core have been found most possible in Au NCs with a close 
number of Au atoms to Au22(SG)18 (e.g., Au20(SR)16, Au24(SR)20, and 
Au18(SR)14) (Jiang, Chen et al. 2009, Pei et al. 2009, Pei et al. 2012, Tlahuice 
et al. 2012). We assumed that the Au22(SG)18 NCs may also contain a Au8 core 
as they all have a comparably large R[SR]/[Au] (0.78). In addition, the same 4e

 
electron shell configuration of all these four species supports an anisotropic 
inner core based on the super-atom model (note that an anisotropic Au23 core 
was also found in Au38(SR)24 NC with 14 e
−
 electron shell configurations 
(Qian et al. 2010)). The large R[SR]/[Au] ratio and a small core (Au8) of 
Au22(SG)18 NCs also requires longer staple motifs as the smaller core has a 
relatively large curvature. It is worth mentioning that the R[SR]/[Au] ratio of 
Au22(SG)18 NCs is very close to that of Au24(SR)20 (0.83), which, according to 
Pei et al., consists of a prolate Au8 and two interlocked, catenane-like staple 
motifs (RS-[Au-SR]3 interlocked with RS-[Au-SR]3) (Pei, Pal et al. 2012). 
Based on the model proposed by Pei et al., we selected the most likely 
structure of Au22(SG)18 NCs as a Au8 core capped with two RS-[Au-SR]3 (U-
shape) and two RS-[Au-SR]4 (ring-shape) staple motifs. The existence of 
unprecedented longer motifs (RS-[Au-SR]4) and its interplay with the Au8 core 
might serve as the basis to understand the stability and strong luminescence of 
Au22(SG)18. 
Table 6.2 Summary of the structural information of various thiolate-protected 
Au NCs reported in the literature (Jadzinsky, Calero et al. 2007, Akola, Walter 
et al. 2008, Heaven, Dass et al. 2008, Zhu, Aikens et al. 2008, Jiang, Chen et 
al. 2009, Lopez-Acevedo et al. 2009, Pei, Gao et al. 2009, Qian, Eckenhoff et 
al. 2010, Chevrier et al. 2012, Malola et al. 2012, Pei, Pal et al. 2012, Tlahuice 
et al. 2012, Zeng et al. 2012, Bahena et al. 2013, Zeng et al. 2013). Note that 
structures of Au25(SC2H4Ph)18 (Heaven, Dass et al. 2008, Zhu, Aikens et al. 
2008), Au28(SPh-tBu)20 (Zeng, Li et al. 2013), Au36(SPh-tBu)24 (Zeng, Qian et 
al. 2012), Au38(SC2H4Ph)24 (Qian, Eckenhoff et al. 2010), and Au102(p-
MBA)44 (Jadzinsky, Calero et al. 2007)  have been confirmed by single-crystal 
X-ray diffraction. 
[Au, SR] R[S]/[Au] Au core Type and No. of staples 
Au(SR)2 Au2(SR)3 Au3(SR)4 Au4(SR)5 Au5(SR)6 





[19, 13]  0.68 Au11 2 3 0 0 0 
[20, 16]  0.8 Au8 0 0 4 0 0 
[22, 18] 0.82 Au8 0 0 2 2 0 
  Au11 6 0 0 0 1 
  Au11 5 0 2 0 0 
  Au11 3 4 0 0 0 
  Au13 9 0 0 0 0 
[24, 20]  0.83 Au8 0 0 2 0 2 
[25, 18] 0.72 Au13 0 6 0 0 0 
[28, 20]
 
0.71 Au20 0 4 0 0 0 
[36, 24]
* 
0.67 Au28 0 4 0 0 0 
[38, 24] 0.63 Au23 3 6 0 0 0 
[40, 24] 0.6 Au26 6 4 0 0 0 
[102, 44] 0.43 Au79 9 2 0 0 0 
[144, 60] 0.42 Au114 30 0 0 0 0 
*An unprecedented f.c.c. core and simple bridging mode of thiolate ligand was 
observed for the first time. 
 
We explored about 12 isomers by DFT calculations. Though preliminary, 
this initial exploration of structural models for Au22(SR)18 serves several 
purposes: (i) it provides a benchmark for future more extensive predictions of 
structures for Au22(SR)18, Au22(SR)17, and Au22(SR)16; (ii) it points toward a 
most likely trend of the structure of Au22(SR)18; (iii) it helps our analysis of 
the experimental X-ray absorption fine structure. Among the limited number 
of isomers we explored, the most stable structure by DFT is shown in Figure 
6.8. One can see that the four staple motifs are divided into two groups, each 
of which consists of one trimer motif and one tetramer motif intercatenated. 
DFT analysis of relative stability (Table 6.3) indicates that this model of 
Au22(SR)18 is significantly more stable than the optimal models of Au18(SR)14 
and Au20(SR)16, though slightly less stable than that of Au24(SR)20. The 
computed optical absorption spectrum for this model of Au22(SR)18 shows 
reasonable agreement with the experimental one (Figure 6.9). This model is 
further used to compare with the experimental X-ray absorption fine structure, 







Figure 6.8 The ball stick structure model of Au22(SG)18 NCs predicted by 
DFT, the purple balls represent the eight Au atoms in the core, the yellow balls 
represent the Au atoms in the semi rings, while the red balls represent S atoms. 
All other atoms (carbon, hydrogen) have been omitted for clarity. 
 
Table 6.3 Stability of the most stable model of Au22(SR)18 against several 















/5 Au10(SR)10  Au22(SR)18 -0.68 
Au22(SR)18 + 
1




R = CH3; 
b
ref. (Tlahuice et al. 2012);
 c
ref. (Wiseman et al. 2000); 
d
ref. (Pei 
et al. 2009); 
e
ref. (Pei et al. 2012).  
 
Figure 6.9 Simulated optical absorption spectrum of the most stable model of 







X-ray absorption fine structure (XAFS) was used to further probe the 
electronic structure and local environment of Au22(SG)18
 
(Figure 6.10). The X-
ray absorption near-edge structure (XANES) spectrum of Au22(SG)18 (Figure 
6.10a, red curve) shows a shift in the absorption edge to higher energy and a 
slightly more intense white-line compared to a Au foil reference (Figure 6.10a, 
black curve). The XANES spectrum indicates a high contribution of Au(I) 
electronic character which supports the relative Au(I)/Au(0) composition 
determined from XPS (Figure 6.6). 


















































Figure 6.10 (a) XANES spectra of the Au22(SG)18 NCs (in red) and Au foil (in 
black). (c) Experimental (in red) and simulated (black dash line) Au L3-edge 
EXAFS spectra of the Au22(SG)18 NCs. 
To examine the Au local structure and to test the DFT-predicted model 
(Figure 6.9), the extended X-ray absorption fine structure (EXAFS) spectrum 
was refined from post-edge XAFS oscillations and is presented in Figure 6.10a. 
Both Au-S and Au-Au scattering paths were used to fit the experimental data 
with results tabulated in Table 6.4. The Au-S CN value of 1.7 obtained from 
EXAFS fitting is in good agreement with the predicted model which has 8 Au 
bonded to 1 S (Figure 6.9, purple atoms) and 14 Au bonded to 2 S (yellow 
atoms), lending to a theoretical Au-S CN of 1.64. Au-S bonding at a length of 
2.314(4) Å is also typically observed for Au-thiolate semi-ring structures 
(MacDonald et al. 2011, Chevrier, MacDonald et al. 2012). 
 
Table 6.4 Au L3-edge EXAFS fit results of Au22(SG)18 NCs. 
Path
 





Au-S 1.7(2) 2.314(4) 0.0028(5) -0.3(9) 
Au-Au 0.7(5) 2.67(1) 0.007(4) -0.3(9) 
 
Examining the site-specific bonding environments with EXAFS is a 
valuable technique for studying Au NCs since there are often a variety of Au-
Au bonding types. We report from our EXAFS fitting results a very short Au-
Au bond length of 2.67(1) Å originating from the Au8 core structure. Upon 
close inspection of the DFT-predicted model, a theoretical Au-Au CN of 0.64 
is expected when considering the number of Au-Au bonds in the Au8 core that 
are much shorter than typical f.c.c. Au-Au bond lengths (~< 2.88 Å). This 




In conclusion, a strongly red emitting (m = 665 nm, QY = 8%) Au NCs 
was obtained by PAGE isolation of narrowly distributed Au15-22 NCs. Isotope-
resolved ESI-MS determined the formula of the red-emitting species to be 
Au22(SG)18. The Au22(SG)18 NCs has a large Stokes shift (145 nm) from PL 
spectra, microsecond scale lifetime, and a very high thiolate-to-Au ratio, 
reflecting its AIE type luminescent properties and presence of unusually small 
core and long staple motifs. A core-shell structure, which consists of a Au8 
core protected by two interlocked RS-[Au-SR]3 and RS-[Au-SR]4 motifs was 
proposed as the most stable structure, which was confirmed by DFT 
calculations EXAFS analysis. 
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CHAPTER 7 CO-MEDIATED SYNTHESIS 




Doping with foreign metal atoms provides additional means to tailor the 
properties of thiolate-protected Au NCs other than core size control and 
surface modifications. The incorporation of foreign metal atoms may 
introduce new functionalities to the homogold NCs due to the synergistic 
effect from constituting elements. For example, monopalladium doped 
Au24Pd(SR)18 NCs, which were first identified by Fields-Zinna et al. (Fields-
Zinna et al. 2009) and then isolated by Negishi et al. (Negishi et al. 2010), 
show improved stability against degradation in solution (Negishi, Kurashige et 
al. 2010), reinforced ligand exchange reactivity (Niihori et al. 2013), and 
enhanced catalytic activity for aerobic oxidation of alcohols (Xie et al. 2012). 
Analogous to Au24Pd(SR)18 NCs, monoplatinum doped Au24Pt(SR)18 NCs also 
show enhanced stability and catalytic activity for selective oxidation of styrene 
(Qian et al. 2012). Theoretical calculations predict that single-atom-doping 
with 3d transition metals such as Cr, Fe, and Mn can produce paramagnetic 
M@Au24(SR)18 (M = Cr, Fe, and Mn) clusters (Jiang et al. 2009). Multiple-
atom doping is also feasible when Ag or Cu is introduced as foreign metals. 
The physiochemical properties of the resultant bimetallic NCs can thus be 
fine-tuned by adjusting the composition of the doping elements. For example, 
Ag-doped Au25-xAgx(SR)18 NCs (x = 1-11) were synthesized by controlling 
the amount of incoming Ag ions (Negishi et al. 2010). The electronic structure 
and optical properties of the resultant Au25-xAgx(SR)18 NCs could be 
continuously modulated by tuning the composition of Ag atoms. Cu-doped 
Au25-xCux(SR)18 NCs with tunable composition of Cu atoms (up to four) were 
also reported (Negishi et al. 2012). Other than Au25(SR)18 NCs, larger Au NCs 
such as Au38(SR)24, Au144(SR)60 can also be doped with foreign metals to alter 





Nevertheless, doping of smaller Au NCs (<20 Au atoms) hasn’t been reported 
yet. In addition, the formation process of Au/Ag bimetallic  NCs is not well 
understood. 
In this chapter, we demonstrate the versatility of the CO-mediated method 
to produce Au/Ag bimetallic NCs. We anticipated Au NCs could alloy with 
Ag well because bulk Ag and Au are plasmonic metals with identical lattice 
constant, and they can form solid solutions in the entire compositional range. 
In addition, Ag nanoparticles are well-known antimicrobial agents (Eby et al. 
2009, Xiu et al. 2012). Alloying Au NCs with Ag atoms could thus extend the 
application of thiolate-protected Au NCs. A small-sized Au cluster  
Au18(SR)14 NCs was selected as the model system to investigate the effect of 
Ag doping on the structure and properties of Au18(SR)14 NCs. Interestingly, at 
most six Ag atoms were incorporated into the Au18-xAgx(SR)14 NCs when the 
incoming R[GSH]/[M] was smaller than 0.75. When the incoming R[GSH]/[M] was 
larger than 0.75, Au/Ag bimetallic  NCs with a total seven metal atoms were 
produced. The optical properties (optical absorption and emission), and the 
electronic structure of the bimetallic  NCs could be tuned by controlling the 
relative amount of Ag and Au in the final product. The catalytic reduction of 
Ag(I) in the presence of in-situ formed Au(0) atoms, which is made possible 
by the unique reaction environment created by CO, was found critical for the 
formation of Au/Ag bimetallic NCs. 
 
7.2 Experimental Section 
7.2.1 Chemicals 
Hydrogen tetrachloroaurate (III) hydrate (HAuCl4.3H2O) and L-
glutathione (GSH) was purchased from Sigma-Aldrich; Silver nitrate (AgNO3) 
was purchased from Merck; carbon monoxide (CO, 99.9%) was purchased 
from Singapore Oxygen Air Liquide Pte Ltd (SOXAL); and all other chemicals 
were used as received. All glassware were washed with Aqua Regia 





water. Ultrapure water with a specific resistance of 18.2 MΩ was used 
throughout the experiment. 
7.2.2 Material Synthesis 
The Au/Ag bimetallic  NCs were synthesized using a previously reported, 
CO-mediated method using both HAuCl4 and AgNO3 as precursors. In a 
typical synthesis, aqueous solutions of GSH (0.15 mL, 50 mM) were added 
into eleven 20-mL glass vials each containing 4.6 mL of ultrapure water, 
followed by adding aqueous solutions of HAuCl4 (20 mM) and AgNO3 (20 
mM). The total amount of metal ions was kept as a constant (~1 mM, R[GSH]/[M] 
= 1.5:1), while the adding amount of Ag was adjusted to keep R[Ag]/[Au] as 0 
(no Ag), 0.05, 1, 0.15, 0.2, 0.25, 0.5, 0.75, 1, 2.01, (no Au), respectively. 
After 2 min of vigorous stirring, ~30 L of 1 M NaOH was introduced to each 
of the above reaction solutions. After that, 1 bar of CO gas was bubbled 
through each of the reaction solutions for 2 min. Then the reaction solutions 
were sealed airtight and the reaction was allowed to proceed under gentle 
stirring (500 rpm) at room temperature for 24 h. The final solutions were 
purified by a PD-10 column and stored at 4 C in refrigerator for further 
characterizations. 
7.2.3 Materials Characterizations 
UV-vis spectra and photoluminescence (PL) spectra were recorded on a 
Shimadzu UV-1800 spectrometer and a PerkinElmer LS-55 fluorescence 
spectrometer, respectively. The electrospray ionization time-of-flight (ESI-
TOF) mass spectra were obtained on a Bruker MicroTOF-Q system. The 
samples were injected directly into the chamber at 120 µLmin-1. Typical 
instrument parameters: capillary voltage, 4 kV; nebulizer, 0.4 bars; dry gas, 2 
L∙min-1 at 120 C; m/z range, 100 – 4000. Transmission electron microscopy 
(TEM) images were taken on a JEOL JEM-2010 microscope operating at 200 
kV. X-ray photoelectron spectroscopy (XPS) measurements were performed 







7.3 Results and Discussions 
7.3.1 Optical Absorbance Spectra of the Au/Ag Bimetallic NCs 
The Au/Ag bimetallic NCs were synthesized via a CO-mediated 
method(Yu et al. 2012) with Au and Ag ions as metal sources. In a typical 
synthesis, aqueous solutions of GSH (50 mM), HAuCl4 (20 mM) and AgNO3 
(20 mM) were mixed together under vigorous stirring. The thiol-to-metal ratio 
(R[GSH]/[M]) and the concentration of total metal ions in the precursor solution 
were set to 1.5:1 and ~1 mM, respectively. The adding amount of Ag was 
varied to achieve a R[Ag]/[Au] of 0 (no Ag), 0.05, 1, 0.15, 0.2, 0.25, 0.5, 0.75, 1, 
2.01, and (no Au), respectively. A same amount of 1 M NaOH was added to 
each of above solutions, which were bubbled with 1 bar CO for 2 min and 
sealed tight. The samples were collected after 24 h of reaction. Different 
colors were observed for the final products (Figure 7.1a). Sample 1 contains 
no Ag and shows a green color, which is from the molecular-like absorption of 
Au NCs. As the incoming R[Ag]/[Au] increases (sample 2 10), the color of the 
final product gradually changes to red-brown, red, brown, and finally yellow. 
These different colors suggest the successful incorporation of different amount 
of Ag atoms into the final products and reflect the change in their electronic 
structures. Sample 11 contains only Ag and is colorless, which implies the Ag 
precursors are not reduced. 
The UV-vis spectra further show the effect of Ag doping to the optical 
absorbance of the Au/Ag bimetallic  NCs. Sample 1 shows a major peak at 
562 nm and a shoulder peak at 630 nm from its UV-vis spectrum, which are 
the characteristic peaks of Au18(SG)14 NCs (Figure 7.1b) (Negishi et al. 2005, 
Yu et al. 2013). Sample 2-7 show similar optical absorption spectra that are 
largely different from the original Au18(SG)14 NCs (Figure 7.1c). As the initial 
R[Ag]/[Au] increases, the main peak of the bimetallic  NCs gradually shifts to 
lower wavelengths. The peak intensity increases with R[Ag]/[Au] and reaches a 
maximum value at R[Ag]/[Au] =0.25 (sample 6), beyond which the peak position 
remains the same (at ~530 nm) but decreases in intensity (sample 7). 
Meanwhile the shoulder peak observed at 630 nm for Au18(SG)14 NCs is 





absorbance at above 600 nm suddenly increases, suggesting an abrupt change 
in structure of the bimetallic  NCs. When R[Ag]/[Au] reaches 0.75, the optical 
absorption spectrum of the bimetallic  NCs shows a bump at ~550 nm, and 
two less prominent peaks at 415 and 475 nm (sample 8, Figure 7.1d). As 
R[Ag]/[Au] keeps increasing, the ~550 nm gradually diminishes while the 415 
and 475 nm becomes more well-defined (sample 9 and 10). These two peaks 
are largely different from the those with a lower R[Ag]/[Au] (sample 2-7), 
suggesting a different composition and/or structure of the bimetallic  NCs. 
Sample 11 does not show any absorption above 400 nm, which suggests pure 
Ag(I)-SR complexes cannot be reduced under the current experimental 
conditions. 










































































Figure 7.1 (a) Digital photos and (b-d) corresponding UV-vis spectra of the 
final products with different initial R[Ag]/[Au](1  11: 0, 0.05, 0.1, 0.15, 0.2, 






7.3.2 Composition of Au/Ag Bimetallic NCs Determined by Mass 
Spectrometry 
The molecular compositions of the bimetallic NCs were determined using 
electron spray ionization mass spectrometry (ESI-MS). Figure 7.2 shows the 
ESI-MS spectra of samples 1-7. The UV-vis spectrum of sample 1 has 
confirmed it as Au18(SG)14 NCs (Figure 7.1a). We have previously 
demonstrated the ESI-MS spectrum of Au18(SG)14 NCs (Chapter 3). Here a 
similar spectrum of the multiply charged Au18(SG)14 NC ions was obtained. 
For clarity, only the ions carrying four negative charges are shown (Figure 
7.2a). As shown in Figure 7.2a, seven peaks spaced m/z 5.5 apart can be 
observed in m/z range of 1900-2100. The isotope analysis reveals these peaks 
carry four negative charges (Figure 7.2a, inset). The mass difference between 
any two adjacent peaks is thus assignable to a common [ H + Na] (5.5  4 
=22)(Yu, Luo et al. 2012) and this set of peaks can be assigned as [Au18(SG)14 
 (4 + n)H + nNa]4 (n = 0-6). When Ag atoms are introduced, multiple peaks 
carrying also four negative charges (see Figure 7.2b, inset for isotope pattern 
analysis) but at lower m/z could be observed. These peaks are due to the 
substitution of Au with Ag in the bimetallic  NCs. For example, sample 2 
shows a set of peaks at m/z lower than that of [Au18(SG)14  4H]
4
(~m/z 1957). 
The peak with the highest intensity at ~1935 has a mass difference of 88 (22  
4 = 88) compared to that of [Au18(SG)14  4H]
4
, which is close to the mass 
difference of one Au and Ag (197-108 = 89) and thus the result of successful 
replacement of one Au with one Ag atom. Therefore, this set of peaks can be 
assigned as [Au17Ag(SG)14  (4 + n)H + nNa]
4
. Similarly, another set of 
peaks due to the replacement of two Au atoms with Ag could be observed at 
~m/z 1915 and can be assigned as [Au16Ag2(SG)14  (4 + n)H + nNa]
4
. No 
further replacement of Au with Ag were observed for sample 2, which is 
corroborated with the fact that a relatively low R[Ag]/[Au] (0.05) was applied at 
the beginning of synthesis. Similarly, the molecular formula of sample 3-7 can 
also be assigned (Figure 7.2c-g). Specifically, a unified formula of [Au18-
xAgx(SG)14  (4 + n)H + nNa]
4
 can be used to express these peaks with x 





be seen that the number of Ag atoms incorporated in the Au18-xAgx(SG)14 NCs 
increases continuously (x = 1-6) as the initial R[Ag]/[Au] increases.  
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Figure 7.2 ESI-MS spectra of the final products with an initial R[Ag]/[Au] of (a) 
0, (b) 0.05, (c) 0.1, (d) 0.15, (e) 0.2, (f) 0.25, and (g) 0.5. The insets in (a) and 
(b) are observed (black) and simulated (red) isotope distributions of ions 
[Au18(SG)14  4H]
4




However, the amount of Ag atoms incorporated into the original 
Au18(SG)14 NCs cannot increase uncontrollably (e.g., ideally all Au atoms are 
replaced to form Ag18(SG)14 NCs). When R[Ag]/[Au] exceeds a certain value 
(e.g., 0.75), no Au/Ag bimetallic NCs with totally eighteen metal atoms are 
observed from the ESI-MS spectra. Instead, a new type of Au/Ag bimetallic  





R[Ag]/[Au] = 0.75, a new set of peaks could be observed in m/z 12001450 
(Figure 7.3a). Isotope pattern analysis reveals these peaks carry two negative 
charges (e.g., see Figure 7.3b for the isotope distribution of the first peak in 
Figure 7.3a). The peak spacing between any two adjacent peaks is 11, which is 
attributed to a common [ H + Na] (11  2 =22). Therefore, the molecular 
weight of the first ion can be calculated as 2642 (1321 2), which is 
assignable to [Au4Ag3(SG)5  H]
2
(theoretical mass 2641.9 Da, deviation 0.1 
Da). It should be mentioned that this Au4Ag3(SG)5 NCs might carry one 
negative charge in its core, which is similar to previously reported 
[Au25(SR)18]

 (Zhu et al. 2008, Parker et al. 2010, Liu et al. 2011), as the 
simulated isotope distribution of the neutral ion (thus need a dissociation of 
2H to compensate the overall two negative charges) or the ion carrying two 
negative charges (thus no H dissociation to compensate the overall two 
negative charges) does not match well with the observed one (Figure 7.3b). 
When R[Ag]/[Au] = 1, the resultant Au/Ag bimetallic  NCs are also 
Au4Ag3(SG)5(Figure 7.3c). When R[Ag]/[Au] = 2, one more set of peaks which 
could be assigned as Au3Ag4(SG)5 are present (Figure 7.3d). These results 
suggest Au4Ag3(SG)5 is a preferential combination of the resultant Au/Ag 
bimetallic  NCs when R[Ag]/[Au] = 0.75. A slight increase in R[Ag]/[Au] will not 
change the composition of the final product (sample 9) while large excess of 
Ag will lead to substitution of one Au atom with Ag in original Au4Ag3(SG)5 
NCs (sample 10). 
The specific combination of Au4Ag3(SG)5 NCs is intriguing and has not 
been previously reported. It has totally seven metal atoms and five thiolate 
ligands, i.e., M7(SR)5. Previously some researchers have reported the synthesis 
of Ag7(DMSA)4 (Wu et al. 2009)or Ag7(MSA)7 (Udaya Bhaskara Rao et al. 
2010), where DMSA denotes a dithiol  meso-2,3-mercaptosuccinic acid and 
MSA denotes mercaptosuccinic acid. In both cases, all Ag atoms are chelated 
to S atoms as four DMSA actually provide seven thiol groups. The M7(SR)5 
cluster reported here has an obviously different structure from previous studies 
as only five thiol groups are available to chelate the inner metal atoms. 
Nevertheless, further studies need to be carried out to interpret the structure 





of single crystals of the bimetallic NCs (Jadzinsky et al. 2007, Heaven et al. 
2008, Zhu et al. 2008, Qian et al. 2010, Zeng et al. 2012, Zeng et al. 2013), 
which is however difficult to perform at current stage. 
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Figure 7.3 ESI-MS spectra of the final products with an initial R[Ag]/[Au] of (a) 
0.75, (c) 1, and (d) 2.01. (b) Observed (black) and simulated (red) isotope 
distributions of ion [Au4Ag3(SG)5  yH]
2
(y = 2, red; y = 1, blue; and y = 0, 
magenta). 
 
7.3.3 Effects of Ag Doping on the Luminescence Property of Au/Ag 
Bimetallic NCs 
Photoluminescence measurements of sample 1-10 reveals that doping with 
Ag also influences the luminescent properties of Au/Ag bimetallic NCs. As 
shown in Figure 7.4a, Au18(SG)14 NCs show an emission peak at ~800 nm 
(black). When more Ag atoms are introduced into the (AuAg)18 bimetallic  
NCs, the emission peak shifts to lower wavelengths and with reduced 
intensities (e.g., 27). When even more Ag atoms are introduced to the 
reaction system and the structure of (AuAg)18(SR)14 no longer exists (e.g., 
sample 9, 10), the luminescence property of the bimetallic  NCs is largely 
different from that of (AuAg)18(SR)14 NCs (Figure 7.4b). Here the influence of 
introducing Ag atoms to Au/Ag bimetallic NCs on their luminescent 
properties (sample 2-7) is consistent with previous studies of Au25(SR)18 NCs. 
Choi et al. observed a similar shift of emission peak of Au25(SR)18 NCs to 
lower wavelengths as more Ag
+





(Choi et al. 2010). They claimed that the change in luminescence property was 
due to a different charge state caused by Ag
+
 oxidation. In a separate study, 
Negishi et al. reported that Ag-doped Au25-xAgx(SR)18 NCs showed 
luminescence peak shifting to lower wavelengths as more Ag were doped 
(Negishi, Iwai et al. 2010). However, no changes in oxidation state of the 
bimetallic NCs were observed. As no other charge states of Au18(SG)14 other 
than neutral state have been observed previously, the change in luminescent 
properties of Au/Ag bimetallic  NCs is more likely due to the altered 
electronic structure and/or surface state of the bimetallic  NCs, which are 
caused by the incorporation of Ag atoms and can be confirmed by the XPS 
analysis of the bimetallic  NCs (vide infra). 











































Figure 7.4 (a) Emission spectra of the final products with different initial 
R[Ag]/[Au](1  10: 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.5, 0.75, 1, 2.01); (b) expanded 
view of the emission spectra of sample 9 (R[Ag]/[Au] = 1) and 10 (R[Ag]/[Au] = 
2.01). The excitation wavelengths for all data were 560 nm. 
 
7.3.4 Effects of Ag Doping on the Electronic States of Au/Ag Bimetallic 
NCs 
The Au4f and Ag3d XPS spectra were measured to study the influence of 
Ag doping on the electronic structure of bimetallic NCs. As shown in Figure 
7.5a, the Au4f binding energy of Au18(SG)14 NCs is ~84.4 eV. Previous 
studies suggest the shift of 0.4 eV compared to that of Au(0) (84.0 eV, dash 
line) is due to the strong Au-SR interactions (Yu, Chen et al. 2013). Once Ag 
is doped into the Au18(SG)14 NCs, the Au4f peak of the bimetallic  NCs shifts 
to higher energy side relative to Au18(SG)14 NCs, which suggests the oxidation 





Au7-xAgx(SG)5 NCs (~84.5 eV, sample 8-10) are higher than that of Au(0) and 
also Au18(SG)14 NCs, which suggests the stronger M-SR interactions due to a 
smaller core. Figure 7.5b shows the Ag3d XPS spectra of samples 1-10. For 
sample 2 and 3, no signals of Ag3d peaks are observed from the XPS 
spectrum, which is reasonable as the Ag doping amount is low for these two 
samples (Au18-xAgx(SG)14 NCs with x= 1-3). When the incoming R[Ag]/[Au] and 
thus the final Ag content in the bimetallic  NCs are further increased, the Ag3d 
peaks of the bimetallic  NCs are detectable. In addition, they are located on the 
higher energy side relative to Ag(0) (367.7 eV, dash line). The higher Ag3d 
binding energy found in the bimetallic NCs indicates that the initially 
introduced Ag
+
 ions are successfully doped into the bimetallic NCs. 















Figure 7.5 (a) Au4f and (b) Ag3d XPS spectra of the final products with 
different initial R[Ag]/[Au](1  10: 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.5, 0.75, 1, 
2.01). 
 
7.3.5 How are these Bimetallic Au/Ag NCs Formed? 
Then how are these bimetallic  NCs formed? Do they grow sequentially by 
forming Au18(SR)14 NCs first as a template, then some of the original Au 
atoms are replaced by foreign Ag
+
 ions? Or are these bimetallic NCs formed 
by spontaneous reduction of the Au(I)-SR and Ag(I)-SR complexes? It has 
been reported previously that Au25(SG)18 NCs can react with Ag
+
 ions in 
solutions to form Au25-xAgx(SG)18 NCs (x = 1-3) (Choi, Fields-Zinna et al. 
2010, Wu 2012). To find out whether the bimetallic NCs in this study are 
formed similarly by replacing some Au atoms of Au18(SG)14 NCs with foreign 
Ag
+
 ions, we measured the time-resolved UV-vis spectrum of the reaction 





and followed by the oxidation of Ag
+
 ions to form bimetallic  NCs; it might be 
possible to observe the characteristic absorption features of Au18(SG)14 NCs 
during the formation process of bimetallic  NCs. Here the optical absorption of 
sample 6 (R[Ag]/[Au] = 0.25) was monitored as a function of time to study the 
formation process of Au18xAgx(SG)14 NCs. As shown in Figure 7.6a, no 
characteristic peaks of Au18(SG)14 NCs (562 and 630 nm) could be observed 
in the time range of 0-24 h. Even at an early stage of reaction (e.g., 2 h), the 
characteristic peak (~530 nm) of the Au18xAgx(SG)14 NCs (x = 1-4) is already 
evident. It can thus be concluded that these Au18xAgx(SG)14 NCs are formed 
as a result of the co-reduction of Au and Ag precursors. The time-resolved 
UV-vis spectra of sample 10 were also measured to further confirm the 
bimetallic NCs are formed by the spontaneous reduction of Au and Ag 
precursors. As shown in Figure 7.6b, even at an early stage of reaction (e.g., 1 
h), the reaction solution already shows characteristic peaks of the Au7-
xAgx(SG)5 NCs (415 and 475 nm). No peaks due to the presence of Au18(SG)14 
NCs were observed during 0-24 h. Therefore, the formation of Au7-xAgx(SG)5 
NCs is not the sequence of more Ag
+
 ions attacking the initially formed 
Au18(SG)14 NCs. 






























































































Figure 7.6 Time-resolved UV-vis spectra of the reaction solutions with an 
initial R[Ag]/[Au] = 0.25 (a) and 2.01 (b). The insets show the normalized 
absorbance at 530 nm (a) and 415 nm (b). 
 
Although it is evident that the bimetallic NCs are formed by spontaneous 
reduction of Au and Ag precursors, how these precursors are reduced to form 





structure of the precursor greatly impedes the interpretation of the reduction of 
the Au and Ag precursors. Nevertheless, several experimental observations 
with the consideration of the unique reaction environment created by CO can 
shed some light on the formation process of these bimetallic NCs. As shown in 
the UV-vis spectra (Figure 7.1), the Au(I)-SR complexes can be reduced to 
form Au18(SG)14 NCs while Ag(I)-SR complexes cannot under the current 
reaction conditions. The difference in reactivity of the Au(I)-SR and Ag(I)-SR 
complexes can be attributed to their different redox potentials. Au(I)-SR 
complexes have a more positive redox potential and can thus be reduced more 
easily. The Ag(I)-SR complexes solely cannot be reduced as the gaseous 
reducing agent CO only furnishes a mild reduction environment. When Au(I)-
SR and Ag(I)-SR complexes are both present in the reaction precursor, those 
Au(I)-SR complexes might be selectively reduced due to their more positive 
redox potential. The freshly generated Au(0) atoms by the reduction of Au(I)-
SR complexes may serve as active sites for the subsequent reduction of the 
Ag(I)-SR complexes because of their ultrasmall sizes and less coordinated 
nature. Both theoretical and experimental studies have suggested ultrasmall 
Au NCs are highly active catalyst for the aerobic oxidation of CO (Herzing et 
al. 2008, Lopez-Acevedo et al. 2010, Gao et al. 2011, Li et al. 2012, Nie et al. 
2012). The catalytic oxidation of CO then injects electrons to the Ag(I)-SR 
complexes and facilitates their reduction due to the lowered activation energy 
in the presence of Au(0) catalysts. These Au(0) atoms also serve as seeds for 
the deposition of newly generated Ag(0) atoms, which further forms bimetallic  
NCs by the passivation of neighboring –SR. It should be pointed out that the 
relative amount of Ag and Au in the reaction precursor (i.e., R[Ag]/[Au]) is 
crucial to determine the structure of resultant bimetallic  NCs 
(Au18xAgx(SG)14 or Au7-xAgx(SG)5). When R[Ag]/[Au] is smaller than 0.75, the 
final product is Au18xAgx(SG)14 NCs; while Au7-xAgx(SG)5 NCs are 
preferentially formed when R[Ag]/[Au] is larger than 0.75. As the bond strength 
follows the order of Au-Au>Au-Ag>Ag-Ag, it may be necessary to ensure a 
minimal amount of Au (i.e., 4/3) to hold the neighbouring Au or Ag atoms to 





(R[Ag]/[Au]0.75) lead to a less stable Au18xAgx(SG)14 structure that will finally 
break down to form a different Au7-xAgx(SG)5 NCs. 
Finally, where are these Ag atoms in the Au18xAgx(SG)14 NCs (sample 2-
7)? Tlahuice et al predicted that the Au18(SG)14 cluster consists of a Au8 core 
and two dimeric (RS-[Au-SR]2) motifs and two trimeric (RS-[Au-SR]3) motifs 
(Tlahuice et al. 2012). Therefore, there are three possibilities for the location 
of these Ag atoms in the bimetallic  NCs: (1) exclusively in the core; (2) 
exclusively in the staple motifs; and (3) partially in the core and partially in 
the staple motifs. We believe these Ag atoms are all in the core of M18(SG)14 
NCs. There are mainly two considerations to reach this conclusion: (1) 
Previous studies on monopalladium or monoplatinum doped Au24M(SR)18 
NCs (M = Pd or Pt) suggest that the innermost Au atom (in the core of Au13 
icosahedra) is most vulnerable for replacement with a foreign metal atom 
(Negishi, Kurashige et al. 2010, Qian, Jiang et al. 2012). DFT calculations also 
suggest the M@Au24(SR)18 NCs core-shell structure is the most stable one for 
the Au24M(SR)18 NCs (Jiang et al. 2009). Au18(SG)14 NCs also adopt a core-
shell structure and Ag is much easier to alloy with Au as they are in the same 
group and share close physiochemical properties. It is thus possible that the 
foreign Ag atoms first occupy the position of the eight Au atoms in the core 
with identical environment. Actually, a maximum amount of six Ag atoms are 
incorporated into the Au18-xAgx(SR)14 NCs when R[Ag]/[Au] = 0.5 (Figure 7.2g, 
Sample 7). (2) The XPS results suggest the oxidation states of Au and Ag are 
closely correlated (Figure 7.5). For example, the Au4f states shift to higher 
energy side as R[Ag]/[Au] increases from 0.15 to 0.5 (sample 4-6), while the 
Ag3d states correspondingly shift to lower energy side (due to oxidation) 
(Negishi, Iwai et al. 2010). It can thus be inferred that these Ag atoms are 
chemically bonded to Au atoms and possible charge transfer from Ag to Au 
occurs. Therefore, the incorporated Ag atoms are most likely located in the 








In summary, Au/Ag bimetallic NCs were synthesized via a CO-mediated 
approach using Au and Ag ions as precursors. The composition of Au and Ag 
in the final bimetallic  NCs could be adjusted by varying the relative amount 
of incoming Au and Ag ions. Specifically, Au/Ag bimetallic NCs with totally 
eighteen metal atoms were synthesized when the initial R[Ag]/[Au] was less than 
0.75; while Au/Ag bimetallic NCs with totally seven metal atoms were 
synthesized when the initial R[Ag]/[Au] was larger than 0.75. The electronic 
structure, optical absorption and emission of the resultant bimetallic  NCs 
were modulated by controlling the amount of Ag atoms in the final product. 
The Au/Ag bimetallic NCs were formed by the spontaneous reduction of 
Au(I)-SR and Ag(I)-SR complexes, where the catalytic reduction of Ag(I)-SR 
complexes effected by the in-situ formed Au(0) atoms is believed to facilitate 
the formation of bimetallic NCs. This study is interesting because it not only 
produces a series of Au/Ag bimetallic NCs with small core sizes (totally 
eighteen or seven metal atoms) but also reveals some important insights on 
how Au/Ag bimetallic NCs are formed. Future studies can be done to explore 
the potential application of the Au/Ag bimetallic  NCs and investigate the 
composition dependency for these applications. 
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CHAPTER 8 CONCLUSIONS AND FUTURE 
WORK 
 
8.1 Major Conclusions 
The main objective of this work was to design new strategies for the 
synthesis of ligand-protected metal NCs with precise control of all NC 
attributes, including size, structure, ligand, and composition. A unique reaction 
system utilizing a reactive gas, carbon monoxide (CO), to create a mild and 
well-controlled reaction environment has been developed in this regard 
(Chapter 2). The CO-mediated synthesis has demonstrated its effectiveness 
and versatility in the precise and scalable synthesis of several size-discrete Aun 
(n = 10-12, 15, 18, 25, and 29) NCs protected by thiolate ligands (-SR) 
(Chapter 3-4), the surface control of Au NCs protected by different ligands 
(thiolates and protein, Chapter 5), the identification and structure elucidation 
of a strongly red-emitting (em = 665 nm, QY = 8%) Au22(SR)18 NCs (Chapter 
6), and the compositional tuning of Au/Ag bimetallic NCs (Chapter 7). 
The major findings of this thesis study include the following: 
1. A simple and one-pot method for the synthesis of high purity thiolated 
Au25(Cys)18 NCs (~95% yield) by using gaseous CO to furnish a mild 
and well-controlled reaction environment. The preparation can be 
easily scaled up for large scale production (1 L or 200 mg). Distinct 
color changes (colorless  yellow  orange  brown  red-brown) were 
observed for the first time during the formation of thiolated Au25 NCs, 
and several key intermediates in the growth of Au25(Cys)18 NCs (NCs 
of Au10-15, Au16-25, and Au25) could be identified from the time course 
measurements of UV-vis spectroscopy and MALDI-TOF data. The 
formation of Au25(Cys)18 NCs was found to proceed through three 
identifiable stages: the reduction of thiolate-Au(I) complexes to Au10-15 





the transformation or size-focusing of Au16-25 NCs to Au25 NCs (stage 
3). 
2. The CO-mediated reduction method is also versatile to tailor the size 
of thiolated Au NCs. Four different sized Au NCs (Au10-12, Au15, Au18 
and Au25) protected by different thiol ligands (GSH and MPA) in large 
quantities (~0.1 g) were produced by simply adjusting the reaction 
solution pH. The mild reduction environment made possible by the 
reactive gaseous CO also helped to monitor the cluster growth for 
thiolated Au18 NCs, where an intermediate species of Au15 NCs was 
first identified during the formation of Au18 NCs. We also carried out 
unprecedented 1D and 2D NMR analysis on the Au18(SG)14 NCs, 
which reveals two ligand binding modes supporting a core-shell 
structure of the NCs. The products and the synthetic strategies 
demonstrated in this study are of interest not only because they provide 
a versatile and scalable protocol for small Au NCs (Au10-12, Au15 and 
Au18) which bridge the synthetic missing link between the single Au 
atom and large Au NCs (>20 Au atoms), but also because they 
exemplify the usefulness of the reaction pH in tailoring the cluster size, 
which could also be a key factor in other reaction systems for the 
synthesis of atomically-precise Au NCs. 
3. The scalable synthesis of a metastable Au29(SG)20 NCs which was 
previously missing by using conventional methods such as 
thermodynamic selection or size focusing has been achieved by 
adjusting the solvent composition in the CO-mediated synthesis. The 
composition of mixed solvent (e.g., methanol-water) was adjusted to 
regulate the structure and/or size of Au(I)-SR complexes and thus alter 
the reaction pathway to preferentially produce Au29(SG)20 NCs. Polar 
protic solvents, such as methanol, ethanol and acetone, were found all 
capable to facilitate the kinetically controlled synthesis of Au29(SG)20 
NCs. This study is interesting not only because it serves as a 
convenient way to produce metastable Au29(SG)20 NCs in large 
quantities, but also because it reveals some important insights on the 





generated in this study may also be applicable for the synthesis of 
metastable Au NCs with other sizes in other reaction systems. 
4. Fairly good controllability of surface ligand has been realized in the 
CO-mediated synthesis of Au NCs. This versatility in ligand control 
was first demonstrated in the synthesis of Au25 NCs with different 
functionalities. Two sets of thiol ligands, one with a terminal 
carboxylic group but different hydrocarbon chain lengths (C3, C4, and 
C6), the other with different amount and types of functional groups 
(MPA with 1COOH, Cys with 1COOH and 1NH2, and GSH with 
2COOH and 1NH2), were used as protecting agents to produce high 
quality Au25 NCs. The great flexibility in control of the chain length 
and functionality (also charge) can largely broaden the utility of 
thiolate-protected Au NCs. Besides incorporating different 
functionalities into the ligand shell of thiolate-protected Au NCs, the 
CO-mediated synthesis can also be extended to synthesize protein-
templated Au NCs. More importantly, different-sized Au NCs were 
synthesized by tailoring the conformation of BSA. The core size of as-
synthesized Au NCs was mainly determined by the conformation of 
BSA, where the native BSA at pH 7.4 produced Au NCs with 
maximally 13 Au atoms while the denatured BSA at pH 11 led to the 
formation of Au NCs with 25 Au atoms. The conformation of BSA in 
its native form could further be fine-tuned by varying the molar ratio of 
Au/BSA. BSA-Au NCs with discrete core sizes of 4, 8, and 10 Au 
atoms were successfully synthesized when the molar ratio of Au/BSA 
was 5:1, 8:1, and 12:1, respectively. 
5. A strongly red emitting (m = 665 nm, QY = 8%) Au NCs was 
obtained by PAGE isolation of narrowly distributed Au15-22 NCs. 
Isotope-resolved ESI-MS determined the formula of the red-emitting 
species to be Au22(SG)18. The Au22(SG)18 NCs has a large Stokes shift 
(145 nm) from PL spectra, microsecond scale lifetime, and a very high 
thiolate-to-Au ratio, reflecting its AIE type luminescent properties and 





structure, which consists of a Au8 core protected by two interlocked 
RS-[Au-SR]3 and RS-[Au-SR]4 motifs was proposed as the most stable 
structure, which was confirmed by DFT calculations EXAFS analysis.  
6. Au/Ag bimetallic NCs were synthesized via a CO-mediated approach 
using Au and Ag ions as precursors. The composition of Au and Ag in 
the final bimetallic  NCs could be adjusted by varying the relative 
amount of incoming Au and Ag ions. Specifically, Au/Ag bimetallic 
NCs with totally eighteen metal atoms were synthesized when the 
initial R[Ag]/[Au] was less than 0.75; while Au/Ag bimetallic NCs with 
totally seven metal atoms were synthesized when the initial R[Ag]/[Au] 
was larger than 0.75. The electronic structure, optical absorption and 
emission of the resultant Au/Ag bimetallic  NCs were modulated by 
controlling the amount of Ag atoms in the final product. The Au/Ag 
bimetallic  NCs were formed by the spontaneous reduction of Au(I)-
SR and Ag(I)-SR complexes, where the catalytic reduction of Ag(I)-
SR complexes effected by the in-situ formed Au(0) atoms is believed 
to facilitate the formation of Au/Ag bimetallic NCs. This study is 
interesting because it not only produces a series of Au/Ag bimetallic  
NCs with small core sizes (totally eighteen or seven metal atoms) but 
also reveals some important insights on how Au/Ag bimetallic  NCs 
are formed. 
 
8.2 Suggestions for Future Work 
1. Assembly of thiolate-protected Au NCs 
The total structure of thiolate-protected Au NCs is the prerequisite for 
an in-depth understanding of their electronic structure, optical and 
catalytic properties. However, the total structure determination of 
thiolate-protected Au NCs is constrained by growing single crystals 
suitable for X-ray crystallographic analysis. Only the structures of 
limited sizes have been resolved to date. This thesis study could supply 





and Au29) NCs in large quantities. In future study, efforts can be made 
to assemble these NCs into ordered structure for X-ray crystallographic 
analysis. To achieve this goal, a universal and effective strategy needs 
to be designed. Specifically, the assembly behaviors of natural 
molecules, which utilizes a variety of molecular interactions (e.g., 
electrostatic interaction, H-bond, π-π stacking interaction and bio-
recognition interaction), are good sources to consult. 
2. Precisely comparing the size-dependent properties of thiolate-protected 
Au NCs 
The accessibility of Au NCs of varied sizes but stabilized by the same 
thiol ligand is crucial to precisely compare the size-dependent 
properties of thiolate-protected Au NCs, as the effects of protecting 
(thiolate) ligands on the physicochemical properties of thiolate-
protected Au NCs are more pronounced as compared to that in large 
Au nanocrystals. This thesis study is able to prepare a series of 
discrete-sized Au NCs (e.g., Au15, Au18, Au25 and Au29) stabilized by 
the same thiol ligand (MPA or GSH), which could serve as an ideal 
platform to precisely compare their size dependent properties (e.g., size 
dependent catalytic properties and size-related biological response). 
3. Synthesis of positively charged Au NCs with atomic precision 
The ultra-small size, low-toxicity and well-defined molecular formula 
render thiolate-protected Au NCs as promising candidates for 
biological applications (e.g., bio-label and drug delivery). However, 
Au NCs need be water-soluble to capitalize these merits in biological 
systems. Currently, most of water-soluble Au NCs have been 
synthesized using carboxylic-group-terminating thiols, resulting in a 
negatively charged surface. The membrane of cells, however, is 
intrinsically anionic due to the presence of abundant phospholipids and 
lipopolysaccharides, which definitely decreases the efficiency of Au 
NCs transporting across the cell membrane due to electrostatic 
interactions. It is therefore of paramount interest to synthesize Au NCs 





stage. The difficulty may lie in the insufficient protection of cationic 
thiolates for the Au core due to charge considerations. The synthesis 
strategy developed in this thesis study might solve this stability issue 
due to the unique interactions between CO and Au, as discussed in 
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